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PREFACE. 


ScABCELT  a  century  has  elapsed  ance  Eleotrieity  was  but 
a  modest  chapter  in  treatises  on  Physics.  The  Leyden 
jar,  then,  had  just  been  discovered;  and  the  power  of  the 
electric  spark  had  already  presented  itself  to  our  notice. 
But  Franklin  had  not  as  yet  established  the  identity 
between  lightmng  and  Electricity.  It  was  merely  known 
that  certain  bodies,  after  haying  been  rubbed,  become 
capable  of  exercising  an  attraction  around  them,  —  that 
some  substances  are  conductors,  and  others  non-conductors 
of  Electricity,  —  that  in  Electricity  there  are  two  different 
principles,  which  attract  each  other,  whilst  those  which 
are  similar  repel  each  other,  —  that  the  uniting  of  the  two 
opposed  principles  gives  rise  to  sparks,  the  power  of  which 
may  attain  to  a  remarkable  degree  of  energy,  by  means  of 
proper  f^)paratus. 

'  The  philosophers  of  1750  knew  very  little  beyond  that 
of  the  nature  and  properties  of  Electricity.  Who,  at  that 
time,  could  have  supposed  that  Meteorology  would  ere 
long  discover  in  Electricity  the  cause  of  the  grand  pheno- 
mena of  the  atmosphere  ?  —  that  Heat  would  borrow  from 
it  its  most  perfect  instruments,  and  the  means  of  manifest- 
ing its  most  important  laws?  —  that  Molecular  Physics 
would  have  employed  it  for  the  purpose  of  penetrating 
into  the  intimate  constitution  of  bodies ;  and  would  have 
caused  it  to  concur  with  polarised  light  in  the  manifesta- 
tion of  the  relations  that  exist  between  ponderable  matters 
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and  the  imponderable  ether?  —  That  Chemistry  would 
have  been  indebted  to  it  for  the  discovery  of  new  elements^ 
the  formation  of  new  compounds,  its  most  powerful  means 
of  analysis  and  synthesis,  and  its  most  satisfactory  theories? 

—  That  Mineralogy  and  Geology  would  in  a  great  mea- 
sure have  found  in  it  the  explanation  of  the  origin  of  their 
crystals  and  of  their  strata?  —  that  Physiology  would 
have  deduced  from  it  a  more  intimate  knowledge  of  the 
forces  that  rule  over  animated  matter,  and  the  secret  of 
acting  on  such  matter  almost  as  life  acts?  —  that  Medicine 
would  have  discovered  in  it  resources  against  maladies 
hitherto  assumed  to  be  incurable  ?  —  that  the  Metallurgic 
Arts  would  have  found  in  it  new  processes  for  extracting, 
moulding,  and  applying  metals  ?  —  that,  finally,  it  would 
have  furnished  to  Mechanics  a  force,  as  prompt  as  thought, 
equally  independent  of  time  and  space, — would  have  en- 
abled intelligence  to  escape  from  its  limited  envelope,  to 
dart  at  pleasure  with  the  rapidity  of  lightning  into  the  most 
distant  regions. 

Such,  however,  are  the  marvels  that  Electricity  has 
accomplished  in  less  than  a  century ;  such  are  the  links 
that  now  unite  it  in  an  indissoluble  manner  with  aU  the 
parts  of  the  physical  sciences.  And  hence  the  study  of  it 
has  become  indispensable  to  all  who  cultivate  these  sciences, 

—  to  the  chemist,  as  weU  as  to  the  natural  philosopher,  — 
to  the  geologist,  as  much  as  to  the  physiologist,  —  to  the 
engineer,  as  weU  as  to  the  physician.  All  are  compelled  to 
meet  Electricity  in  their  path ;  all  consequently  have  need 
of  becoming  familiarised  with  it.  I  have  been  induced  to 
think  that  a  work  designed  to  satisfy  a  want  which  is 
universally  felt,  would  be  received  with  favour.  The  very 
abridged  manner,  and  the  unmethodical  style  in  which 
Electricity  is  for  the  most  part  treated  in  the  treatises  on 
Physics  is  not  at  all  calculated  for  attaining  that  end;  and,  on 
the  other  hand,  the  special  works  that  are  devoted  to  it, 
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enter  too  much  into  detail  for  persons  who  do  not  desire 
to  make  it  the  principal  object  of  their  h&bours.  To  initiate 
into  the  study  of  Electricity  all  the  category  of  men  of  Art 
and  Science,  to  whom  it  is  necessary,  an  exposition  is  re- 
quired that  shall  be  at  once  substantial  and  elementary,  — 
complete  and  abridged ;  the  subject  must  be  presented  in  a 
logical  order,  and  not,  as  has  been  hitherto  the  case,  in  an 
order  that  is  almost  purely  historical;  in  a  word,  the 
character  of  a  true  science  must  be  ^ven  to  this,  as  to  the 
other  branches  of  Physics,  of  which  character  it  will  always 
be  deficient  so  long  as  it  shall  remain  a  simple,  and,  as  is 
generally  the  case,  a  confused  compilation  of  hap-hazard 
theories  and  disconnected  facts. 

I  have  endeavoured  to  express  the  spirit  with  which  I 
have  been  actuated,  while  preparing  the  Treatise  that  is 
now  submitted  to  the  public.  I  have  not  attempted  to 
make  it  a  treatise  for  men  of  the  world,  although  I  have 
endeavoured  to  render  it  comprehensible  to  all  who  have 
received  a  reasonable  amount  of  intellectual  culture.  I  have 
endeavoured  to  address  myself  essentially  to  men  who  cul- 
tivate science,  and  who  consequently  are  already  acquainted 
with  its  language  and  its  processes ;  but,  at  the  same  time, 
I  have  not  assumed  them  to  possess  previously  any  profound 
knowledge  of  this  or  that  particular  branch  of  science.  On 
this  account,  I  have  collected  in  some  final  notes,  placed  at 
the  end  of  each  volume,  the  mathematical  developments,  of 
which  certain  particular  points  are  susceptible ;  but  which 
are  in  no  degree  essential  to  the  knowledge  of  the  whole. 

It  remains  for  me  to  explain  the  order  that  I  have 
followed,  and  to  justify  it,  by  a  rapid  glance  over  the 
vast  subject  to  which  the  Treatise  on  JElectnctty  is  de- 
voted. 

When  viewed  in  relation  to  the  successive  progresses 
that  it  has  manifested.  Electricity  offers  so  prodigious  a 
variety  of  scientific  features,  that  the  mind  runs  a  risk  of 
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being  lost  when,  by  following  the  historic  order,  it  is  most 
commonly  obliged  to  contemplate  them  all  at  once.  Whilst 
it  is  following  with  Coulomb  the  researches  of  the  laws,  to 
which  static  electricity  is  subjected,  it  is  called  upon  to 
scrutinise  with  Gralvani  the  mysteries  of  animal  electricity, 
and  to  travel  with  Volta  to  the  discovery  of  the  pile. 
Then  again,  whilst  it  is  endeavouring  to  comprehend  the 
beautiful  calculations,  on  which  Poiason  has  founded  the 
theories  of  electricity,  it  is  seized  with  admiration  at  the 
magnificent  as  well  as  unexpected  results  that  Davy 
obtained  from  the  Voltaic  pile.  But  it  is  when  setting 
out  from  the  year  1820,  which  Oersted's  discoveiy  has 
made  so  remarkable  in  the  history  of  the  sciences,  that  the 
task  of  him  who  wishes  to  follow  day  by  day  the  move- 
ment impressed  upon  electricity,  becomes  still  more  diffi- 
cult. In  the  first  place,  it  assists  in  the  creation  of  that 
new  branch  of  the  science,  which  includes  under  the  name  of 
JSkctrthdynamics  the  general  laws  of  electricity  in  motion : — 
the  very  interesting  study,  to  which  it  leads,  of  the  works 
of  Arago,  of  Ampere  and  of  Faraday,  the  founders  of  this 
part  of  physics,  is  constantly  interrupted  by  discoveries  of 
a  very  difiTerent  order.  Here  is  Seebeck,  who  discovers 
thermo-electric  currents,  here  is  Becquerel,  here  is  Nobili 
who  analyse  them,  at  the  same  time  that  they  are  laying 
the  foundations  of  electro-chemistry.  Here  are  Marianini, 
Matteucci  and  Dubois-Beymond,  who,  in  taking  up  the 
labours  of  Gralvani  and  of  Volta  on  animal  electricity, 
give  to  this  part  of  physiology  a  development,  which 
threatens  entirely  to  usurp  it.  Then  there  are  the  works 
upon  the  theory  of  the  pile  and  its  effects,  which  have  called 
into  the  field  very  many  philosophers,  as  Ohm,  Pouillet, 
Fechner,  Faraday,  &a,  and  amongst  whom  is  included  the 
author  himself  of  the  present  treatise.  Then,  agdn,  there 
is  an  uninterrupted  succession  of  new  researches — the  mag- 
netic, the  chemical^  the  calorific,  and  the  luminous  pheno- 


Digitized  by 


Google 


PRSFACE.  TU 

mena  that  are  prodaoed  by  currents  and  dectric  discharges^ 
and  on  the  application  of  which  these  properties  of  electri- 
city are  susceptible.  Finally,  there  is  the  study,  that  is 
being  prosecuted  at  once  by  many  philosophers,  of  the 
sources  of  electricity,  and  of  the  laws  by  which  they  are 
regulated.  Everyday  there  are  new  names,  introducing  into 
the  science  of  electricity  their  contingent  of  discoveries ;  and 
old  names  which  are  far  from  ceasing  to  fiimish  theirs. 
There  is  Becquerel  continually  reappearing  with  the  results, 
as  various  as  they  are  numerous,  which  he  derives  from  his 
galvanometer ;  there  is  Faraday  astonishing  the  scientific 
world,  after  his  induction  currents,  with  diami^etism, 
and  all  the  other  productions  of  his  creative  genius. 

This  veiy  imperfect  and  rapid  sketch  of  the  features 
that  would  be  presented  by  a  chronological  exposition  of 
the  theories  on  the  phenomena  with  which  electricity  has 
been  enriched  during  the  past  century,  is  sufficient  to  show 
the  confusion  that  would  be  created  in  the  best  organized 
brain,  by  this  mode  of  studying.  In  order,  therefore, 
that  this  study  may  be  conducted  in  an  intelligent  and 
sound  manner,  it  is  indispensable  to  introduce  into  it 
a  methodical  classification,  which,  by  grouping  under  the 
same  head  phenomena  of  the  same  order,  facilitates  the 
explanation  of  them  and  their  retention  in  the  memory. 
To  the  attiunment  of  this  end,  have  my  endeavours  been 
directed. 

The  examination  of  electric  phenomena  very  soon  leads 
us  to  discover  two  very  distinct  points  of  view ;  one  of 
which  comprehends  the  general  laws  to  which  electricity 
is  subjected,  whether  in  a  state  of  rest  or  in  a  state  of 
motion;  and  of  which  the  other  comprehends  the  various 
efiects  that  arise  from  the  action  of  difierent  bodies  upon 
electricity,  and  the  action  of  electricity  upon  these  bodies. 
In  the  first  point  of  view,  as  the  ponderable  substance 
only  serves  for  the  manifestation  of  the  general  properties 
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of  the  electric  agents  its  particular  nature  is  of  no  im- 
portance; it  is  sufficient  that  it  be  an  insulating  or  a 
conducting  bodj.  In  the  second  point  of  view,  the  body 
plays  the  principal  part ;  consequently  its  physical  and 
chemical  constitution  exercise  a  preponderating  influence 
over  its  relation  with  electricity.  From  these  two  veiy 
different  objects,  under  which  the  study  of  electricity  may 
be  viewed,  arises  evidently  the  necessity  of  studying 
separately  the  facts  that  appertain  to  the  one,  and  those 
that  are  comprehended  under  the  other.  The  sources  and 
the  applications  of  electricity  also  form  two  parts,  that  are 
very  distinct  from  each  other,  and  from  the  preceding. 
These  few  words  will  suffice  to  explain  the  division  that 
I  have  been  very  naturally  led  to  adopt. 

A  First  Part,  which  serves  as  an  introduction^  contains 
a  general  exposition  of  fundamental  phenomena,  and  to  a 
description  of  the  principal  instruments  that  are  employed, 
either  in  producing  or  in  detecting  and  measuring  electri- 
city. The  theoretical  aud  complete  explanation  of  these 
apparatus,  it  is  true,  can  only  be  given  further  on ;  but 
it  is  quite  necessary  to  become  acquainted  with  them  at 
the  very  outset  of  the  descriptive  part,  on  account  of  the 
services  that  are  constantly  being  required  of  them. 

The  Second  Part,  entitled  Static  Electricity,  is  devoted 
to  the  exposition  of  general  phenomena,  that  is  to  say,  the 
laws  presented  by  electricity  in  the  state  of  rest  or  tension, 
— attraction  and  repulsion,  distribution,  induction,  dis- 
guised electricity,  theories  on  the  nature  of  electricity. 

The  Third  Part  comprises  the  general  laws  of  electricity 
in  motion,  which  constitutes  Electro-Dynainics  and 
Magnetism,  which  is  considered  to  be  nothing  more  than  a 
particular  form  of  dynamic  electricity.  Different  chapters 
are  successively  devoted  to  magnetism,  properly  so  called, 
to  the  mutual  action  of  magnetism  and  dynamic  electricity, 
to  magnetization  by  electridty,  to  electro-dynamic  in- 
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duotion,  and  to  the  action  of  magnetism  and  of  dynamic 
electridty  upon  all  bodies.  A  distinct  chapter  is  appro* 
priated  to  magnetic  galyanometers,  on  account  of  the 
importance  of  being  well  acquainted  with  these  instruments, 
and  of  knowing  how  to  manage  them,  employed  as  they  so 
frequently  are  in  the  physical  sciences. 

The  Fourth  Part  includes  under  the  title  of  Trans- 
mission  of  Electricity  through  different  Media,  first  the 
description  of  the  phenomena,  relating  to  the  mode  itself 
of  the  propagation  of  electricity  in  the  interior  of  bodies, 
of  conductibility,  &a ;  then  a  detailed  study  of  the  calorific, 
luminous  and  chemical  effects  that  accompany  this  pro- 
pagation ;  and  finally  the  examination  of  the  physiological 
phenomena,  to  which  it  gives  rise  in  organized  bodies. 

The  Fifth  Part  has  for  its  objects  the  Sources  of  Elec- 
tricity  ;  a  subject  which  can  only  be  conveniently  treated 
of  after  the  study  of  the  general  laws  which  regulate 
electricity,  whether  static  or  dynamic,  and  of  the  various 
phenomena,  by  which  it  manifests  its  passage  through 
bodies.  The  succes^ve  examination  of  the  different  phy** 
sical,  mechanical,  and  chemical  actions,  which  liberate 
electricity  is  preceded  by  a  glance  into  the  general  causes 
that  produce  this  liberation,  and  is  followed  by  a  theoretic 
explanation  of  electromotor  apparatus.  The  natural  sources 
are  studied  in  their  turn,  both  in  their  origin  and  in  their 
effects ;  animal  electricity,  atmospheric  electricity,  terres* 
trial  electricity,  which  comprehends  terrestrial  magnetism, 
are  the  three  forms,  under  which  nature  of  itself  produces 
electricity ;  and  they  consequently  form  three  distinct 
chapters  in  this  part  of  the  Treatise.  Each  source  is 
considered  not  only  in  respect  to  the  development  of  the 
electricity  to  which  it  gives  rise,  but  also  in  the  relations 
that  unite  it  with  effects  analogous  to  the  producing 
cause,  and  which  effects  the  electricity  itself  is  capable  of 
originating;  a  connection  that  leads  to  general  consider- 
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ations  on  the  forces  of  nature,  which  are  replete  with 
interest.  Thus  heat,  chemical  action,  physiolc^cal  action 
are  at  once  the  cause  and  the  effect  of  electricity ;  and  this 
double  form,  under  which  electricity  manifests  its  relation 
with  these  three  great  forces,  is  a  proof  of  the  intimate 
union  by  which  they  are  connected  both  with  electricity 
itself  and  with  each  other. 

Finally,  the  Sixth  and  last  Part  is  deyoted  to  all  the 
yarious  applications  of  which  electricity  is  susceptible; — 
electro-chemical  applications  (gilding,  galvanoplastic,  &c.), 
electro-magnetic  applications  (telegraphy,  clocks,  &c.), 
electro-calorific  and  electro-luminous  applications,  electro- 
physiological applications  to  medicine. 

The  simple  enumeration  I  have  been  making  of  the 
different  points  that  are  treated  in  my  work,  though  dry 
and  abridged  as  it  may  be,  is  sufficient  to  enable  eveiy  mind 
that  is  in  the  least  degree  inspired  with  a  love  of  philo- 
sophic truths,  to  perceive  the  yast  extent  that  electricity 
occupies  in  the  domain  of  the  physical  sciences.  It  may 
seem  matter  for  surprise^  therefore,  to  find  no  place 
assigned  in  my  division  to  the  study  of  the  great 
questions  which  concern  the  constitution  of  matter,  and 
the  nature  of  phymcal  forces ;  and  the  more  so  as  electri- 
city appears  to  be  the  most  general  form,  under  which  is 
presented  the  link  that  exists  between  ponderable  bodies 
and  immaterial  forces.  But  considerations  of  that  kind, 
which  are  more  metaphysical  than  physical,  could  not  be 
treated  with  that  development  which  they  command  in  a 
work  of  this  kind.  However,  although  I  have  not  de- 
voted to  them  a  separate  chapter,  I  have  not  failed  to 
enter  upon  that  subject,  whenever  an  opportunity  pre- 
sented itself;  convinced  as  I  am  that,  independently  of  the 
interest  which  they  offer  of  themselves,  they  possess  the 
immense  advantage  of  elevating  the  mind,  by  bringing  it 
nearer  to  the  Almighty,  whose  power  is  more  fully  recog- 
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nized,  in  proportion  as  we  examine  more  closely  the  works 
of  creation* 


GcneTK,  NoTember,  1852* 

P.  S. — Private  circumstances  had  occurred  to  the  author, 
which  compelled  him  to  suspend  his  labours  for  a  very 
long  time,  whence  it  happened  that  the  printing  of  his 
work  was  interrupted;  on  which  account  it  has  been 
decided  no  longer  to  delay  the  publication  of  the  first 
volume,  which  has  been  printed  for  upwards  of  a  year. 
The  publication  of  the  second  volume  shall  not  be  delayed, 
and  will  take  place  in  the  spring  at  the  latest. 

The  French  manuscript  of  this  volume  was  entrusted  to 
the  care  of  Mr.  Charles  V.  Walker,  by  whom  the  present 
translation  has  been  made,  and  who  has  carried  the  work 
through  the  press.     He  will  translate  the  second  volume. 
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P.  437.  1.  19.     Instead  odndntiive  read  induced. 

P.  321.  At  the  end  of  Chap.  III.,  add  **  M.  Wertheim  has  shown  that  the 
torsion  and  detorsion  of  a  bar  of  soft  iron,  magnetized  by  an  electric  current, 
produce  a  change  in  this  magnetisation ;  sometimes  an  increase,  at  other  times 
a  decrease,  according  as  they  occur  in  the  direction  in  which  the  bar  has 
been  already  twisted,  or  in  a  contrary  direction.  These  experiments  prove 
the  fact  that  magnetization  and  demagnetization  are  accompanied  by  a  mo- 
lecular change  in  the  iron ;  and  that  there  is  an  intimate  relation  between 
the  magnetisation  of  this  metal  and  the  arrangements  of  its  particles." 
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TEEATISE    ON    ELECTKICITY 

in 

THEORY  AND   PRACTICE. 


PART  I. 

PRELIMINARY   NOTIONa 
CHAPTER   L 

MANirSSTATION  OF  ELBCTRiaTT. 

Electricity  developed  by  Frictiofu 

When  a  stick  of  wax^  a  piece  of  amber^  or  a  glass  rod^  is 
robbed  with  very  dry  cloth^  these  bodies  are  observed,  by 
the  effect  of  the  Jriction,  to  acquire  the  property  of  attracting 
small  firagments  of  p^per,  small  balls  of  elder  pith,  and  light 
substances  in  general  which  are  placed  in  their  neighbourhood. 
This  attraction  occurs  at  a  distance ;  and  the  substances  upon 
which  it  is  exercised  remain  adhering  to  the  surface  of  the 

robbed  body  by  which  they  are  attracted ;  or 
,  *  rather  are  alternately  repelled  and  attracted 

by  this  body  {Fig.  1.).  The  bodies,  upon 
Fig,  I.  which  the  friction  has  developed  the  pro* 

perty  that  we  have  just  explained,  are  said  to  be  electrised; 
and  the  property  itself,  and  the  agent  to  which  it  is  supposed 
to  be  due,  is  named  electricity.  This  name  electricity  is  derived 
from  the  Greek  word  TJIKsferpoVf  signifying  amber,  the  first 
substance,  it  is  said,  upon  which  electrical  properties  were 
observed. 
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The  substances  that  can  be  electrised  by  friction  are 
numerous;  in  addition  to  those  we  have  named  there  are 
sulphur,  the  different  species  of  resin,  gum-lac,  the  majority 
of  crystals,  wax,  the  skin  of  a  cat,  &c.  However  there  are 
some,  and  the  metals  are  of  this  number,  on  which  it  is 
impossible  for  us  to  develope  the  same  property.  On  this 
account,  the  former  have  been  named  Idio^lectrics  and  the 
latter  Anr^lectrics.  But  it  was  soon  discovered  that  this 
distinction  was  not  Amdamental,  and  that  the  difference  that 
had  been  observed  between  bodies,  in  respect  to  their  sus- 
ceptibility of  being  or  not  being  electrised  by  friction,  was 
only  apparent  Another  property,  electric  conditctibiliti/y  is  the 
true  cause  of  this  difference. 


Electric  Conductibility. 

A  metal  rod  is  to  be  fixed  to  one  of  the  extremities  of  a 
stick  of  glass  or  wax,  and  to  be  adjusted  carefully ;  the  stick 
of  glass  or  wax  is  then  rubbed,  especially  in  the  portion 
nearest  to  the  metal>  care  being  taken  not  to  touch  the  metal 
either  with  the  hand  or  with  the  rubber.  Small  light  bodies 
are  then  brought  near;  they  are  immediately  attracted  by 
the  metal  rod,  as  they  would  have  been  by  the  glass  or  the 
wax  itself;  and  this  attraction  is  exercised  by  every  point 
of  the  rod,  whatever  be  its  length.  From  this  experiment  we 
must  conclude  that  the  agent  which  has  been  developed  by 
friction  upon  the  glass  or  wax  has  passed  into  the  metal,  and 
is  there  difiused ;  since  the  latter  is  found  to  be  electrised, 
without  its  having  been  rubbed,  and  merely  because  it  is  in 
contact  with  a  body  that  is  itself  electrised.  Were  a  glass 
rod,  a  piece  of  wax,  in  a  word,  any  one  of  the  idio-electric 
substances,  put  in  place  of  the  metal  rod,  it  would  not  have 
acquired  electricity  by  its  simple  contact  with  the  electrised 
body.  This  property,  which  is  possessed  by  metals  and  in 
general  by  the  bodies  that  had  been  designated  by  the  name 
of  arv-electricSy  of  acquiring  and  propagating  through  their 
whole  extent  the  electricity  possessed  by  the  part  of  an 
electrised  body  with  which  they  are  placed  in  contact,  is 
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termed  oonductibility  for  eleetricity  or  electric  conduetibilittf. 
Bodies  possessed  of  this  property  are  termed  canductora,  and 
those  which  possess  it  not  instdatore* 

The  human  bodj,  wood^  especially  damp  wood^  and  in 
general  animals,  yegetables,  and  a  great  nnmber  of  mineral 
substances,  are,  like  the  metals,  conductors  of  electricity. 
The  globe  of  the  earth  is  equaUy  so;  on  the  contrary^ 
atmospheric  air,  especially  when  it  is  very  dry,  is  not  so. 


Coneequencee  of  Electric  Conductibility. 

Many  important  consequences  follow  from-  the  property, 
that  we  have  designated  by  the  name  of  electric  oonducti- 
bility. 

1.  An  electrised  surface  that  is  put  in  communication 
with  the  ground,  by  means  of  one  or  of  several  conducting 
bodies,'must  lose  its  electricity.  In  fact,  this  electricity  passes 
into  the  conducting  bodies,  and  thence  into  the  terrestrial 
globe,  where  it  is  diffused,  and  consequently  becomes  in- 
sensible, on  account  of  the  immensity  of  the  mass  in  which  it 
is  distributed.  Thus  the  terrestrial  globe  is  termed  the 
common  reservotr,  in  order  to  indicate  that  to  it  is  carried  the 
electricity  of  bodies  placed  in  commimication  with  it. 

2.  The  atmospheric  air,  being  an  insulating  body,  electrised 
bodies  do  not  lose  their  electricity  by  their  contact  with  it. 
Were  the  air  a  conductor  no  body  could  preserve  its  elec- 
tricity, for  it  would  be  dissipated  immediately  into  the  whole 
mass  of  the  atmosphere.  This  does  take  place  when  the  air 
is  moist :  it  then  loses  its  insulating  property,  and  the  elec- 
tricity of  the  body,  that  is  in  contact  with  it,  is  dissipated  more 
or  less  rapidly,  according  to  the  greater  or  less  degree  of 
humidity.  When,  therefore,  we  wish  that  experiments  made 
with  the  electricity  developed  by  friction  should  succeed  well, 
it  is  necessary  to  dry  the  air  carefully  when  it  is  not  naturally 
dry, 

3.  When  a  conducting  substance,  a  rod  of  metal  for  ex- 
ample, is  held  in  the  hand  and  rubbed,  we  must  not  conclude, 
firom  the  absence  of  all  electrical  signs,  that  this  substance  is 

B    8 


Digitized  by 


Google 


4  PKELIMINABY  NOTIONS*  part  i. 

incapable  of  acquiring  electricity  by  friction.  In  fact,  sup- 
posing that  it  could  acquire  it,  it  would  allow  it  to  escape  imme-* 
diately  into  the  ground,  by  means  of  the  hand  and  the  body 
of  the  operator.  On  the  contrary,  when  an  insulating  body  is 
held  in  the  hand,  and  is  rubbed,  it  preserves  its  electricity,  not 
being  able  to  conduct  it ;  and,  in  order  to  deprive  it  of  that 
electricity,  we  must  touch  successively  with  the  hand  or  with 
a  conductor  conmiunicating  with  the  ground,  all  the  parts  of 
the  insulating  substance  that  have  been  electrised.  So  also, 
in  order  to  show  that  a  conducting  body  can  be  electrised,  we 
have  only  to  insulate  it ;  that  is  to  say,  instead  of  holding  it 
immediately  with  the  hand,  it  must  be  fixed  to  a  handle  of 
glass,  of  wax,  or  of  any  insulating  substance,  by  means  of 
which  it  is  to  be  held.  This  body  is  then  rubbed,  and  it 
becomes  capable,  like  every  other  electric  substance,  of  at- 
tracting light  bodies.  To  perform  this  experiment  well,  we 
have  only  to  procure  two  perfectly  similar  balls  or  cylinders 
of  metal,  one  fixed  at  the  extremity  of  a  glass  handle,  the 
other  at  the  extremity  of  a  metal  handle ;  and  to  rub  them 
successively  with  cloth,  holding  the  handles  in  the  hand; 
the  former  attracts  these  light  bodies,  the  latter  never  attracts 
them*  Only  great  care  must  be  taken  not  to  rub  the  glass 
handle  at  the  same  time  that  the  metal,  which  this  handle  i& 
intended  to  insulate,  is  being  rubbed. 

Electric  Conductibility  not  absolute. 

The  conductibility  of  bodies  for  electricity  is  not,  however, 
an  absolute  property ;  that  is  to  say,  we  cannot  classify  bodies 
into  bodies  of  which  some  conduct  electricity  perfectly  well 
under  all  circumstances,  and  of  which  others  never  conduct 
it  in  any  case,  in  other  terms,  into  perfect  conductors  and  perfect 
insulators. 

The  metals  are  almost  perfect  conductors ;  however,  they 
present  among  themselves  differences  relatively  to  their  de- 
gree of  conductibility ;  and  the  same  metal  conducts  better 
or  worse,  according  to  its  dimensions  and  its  temperature* 
Iftesinous  substances,  vitreous  substances,  silk,  oils,  caoutchouc,, 
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gutta  percha,  are  substances  that  insulate  very  well,  but  not 
all  to  the  same  degree ;  thus^  a  very  fine  filament  of  gum-lac 
insulates  better  than  a  filament  of  silk  or  glass  of  the  same 
diameter.  Grum-lac  and  the  resins  insulate  better^  as  they 
are  drawn  out  into  finer  filaments ;  this  is  the  reverse  in  glass^ 
which^  when  drawn  into  fine  threads,  becomes  a  tolerably 
good  conductor.  Finally,  wood,  pure  water,  the  human  body, 
a  great  number  of  minerals,  conduct  imperfectly,  that  is  to 
say,  they  conduct  powerful  electricity  well,  but  feeble  elec-* 
tricity  not  so  well,  and  sometimes  not  at  alL 

Causes  which  influence  electric  ConducttbiUty, 

The  conducting  property  of  bodies  appears  to  depend  es- 
sentially on  their  chemical  nature ;  thus  we  see  all  the  metals 
are  good  conductors ;  all  hydrogenated  substances  are  bad 
conductors.  However,  in  many  cases  the  physical  constitution 
also  exercises  an  influence  upon  conductibiUty ;  ice  does  not 
conduct,  while  water  does  conduct ;  tallow  and  wax  become 
conductors  only  when  they  are  melted ;  it  is  the  same  with 
several  salts.  Glass  is  a  good  conductor  when  it  is  heated 
to  redness.  M.  Matteucci  has  moreover  lately  remarked  that 
sulphur  and  gum-lac  lose  a  portion  of  their  insulating  power 
by  an  elevation  of  temperature  incapable  of  changing  their 
cohesion.  Diamond  is  a  perfect  insulator,  whilst  mineral 
carbon  is  a  good  conductor,  if  it  has  been  strongly  heated. 
Carbon  in  general  conducts  better  or  worse,  according  to  the 
manner  in  which  it  has  been  prepared,  and  according  as  it  has 
been  more  or  less  baked!  Air  and  gases  are  less  insulating, 
as  they  are  more  rarified,  which  is  the  same  as  saying  that 
vacuum  is  a  good  conductor  of  electricity.  We  shall  have 
occasion  hereafter  to  examine  into  the  important  question  of 
the  conductibility  of  vacuum. 

Finally,  there  is  one  circumstance,  independent  of  the 
chemical  nature  and  the  physical  constitution  of  bodies,  which 
renders  them  better  or  worse  conductors ;  it  is  their  degree 
of  affinity  for  the  humidity  of  the  air.  We  have  already  seen 
that  moist  air  and  gases  cease  to  be  insulators.     Glass^  which 
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is  of  itself  a  good  insulator,  easily  becomes  a  conductor  as 
soon  as  it  is  exposed  to  humiditj ;  it  attracts  to  its  surface 
the  aqueous  vapours  of  the  atmosphere ;  they  form  there  a 
thin  film  of  water,  by  which  the  electricity  passes  away. 
Thus,  in  order  that  glass  rods  shall  well  insulate  the  elec- 
tricity accumulated  upon  the  conductors  to  which  they  serve 
as  supports,  care  is  taken  to  cover  them  with  a  thin  coat  of 
varnish,  made  with  gum4ac  dissolved  in  alcohol,  a  coating 
which  protects  the  surface  of  the  glass  against  the  deposition 
of  moisture,  and  which  at  the  same  time  itself  insulates  very 
weU. 

It  is  probably  to  the  hygrometric  property  of  glass  that  we 
must  attribute  the  conducting  faculty  which  it  acquires  on 
being  drawn  out  into  thin  filaments ;  because  it  presents  more 
surface  to  the  moist  air. 


Means  of  determining  the  Conducting  Faculty. 

It  is  difficult  to  determine  the  differences  of  conductibility 
between  bodies  when  these  differences  are  slight;  for  this 
purpose  delicate  methods  must  be  employed,  of  which  we 
shall  speak  hereafter.  But,  when  the  question  is  to  deter- 
mine whether  a  body  must  in  general  rank  in  the  class  of 
insulating  bodies  or  in  that  of  conducting  bodies,  the  method 
is  easy.  Let  us  take,  for  example,  a  silk  thread  and  a  metal 
wire ;  we  select  them  of  the  same  length,  and  of  the  same 
diameter,  and  fix  at  one  of  the  extremities  of  each  of  them  a 
conducting  ball,  a  metal  one  for  ex- 
ample; we  then  suspend  them  verti- 
cally by  their  other  extremity  to  the 
two  ends  of  a  horizontal  metal  rod 
supported  itself  by  an  insulating  glass 
rod  {Fig.  2.).  The  different  parts  of 
the  surface  of  a  piece  of  glass  or  elec- 
trised wax  are  moved  about  the  metal 
rod;  the   electricity  thus  passes  into 


r 
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Fig.  2.  the  metal,  and  is  thence  diffused  into  all 

the  conducting  substances  in  contact  with  it;  it  penetrates 
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into  the  fine  metal  wire,  and  into  the  ball  that  is  suspended  to 
it,  and  not  into  the  silk  thread,  and  consequently  not  into  the 
hall  which  terminates  it ;  we  may  conyince  ourselves  of  this, 
by  seeing  that  the  former  of  ^e  two  balls  attracts  light 
bodies  and  the  latter  does  not.  We  can  operate,  in  the  sam^ 
manner,  upon  all  substances  by  drawing  them  into  rods  of  the 
same  diameter  and  length ;  each  rod  must  carry  a  ball  at  one 
of  its  extremities,  whilst  the  other  extremity  is  fixed  to  the 
insulated  metallic  support  that  receives  the  electricity. 

The  following  is  an  approximative  table  of  the  conducting 
and  insulating  faculty  of  different  bodies.  This  table  is  com- 
posed of  two  columns;  the  first  contains  the  conducting 
bodies,  placed  in  the  order  of  their  degree  of  conductibility, 
beginning  by  the  best  conductors;  and  the  second  contains 
the  insulating  bodies,  placed  in  the  order  of  their  insulating 
faculty,  beginning  by  the  worst  insulators.  It  hence  follows 
that  the  second  column  may  be  regarded  as  a  continuation  of 
the  first. 


Condueiing  Bodut,  placed  in  the 
oftktir  CondMctinff  Power, 

All  the  metak. 
Well-bumt  oarbgii. 
Plumbago. 
Concentrated  acids. 
JDilute  acids. 
Saline  solutions. 
Metallic  ores. 
Animal  fluids. 
Sea  water. 
Spring  water. 
Run  water. 
Ice  above  13^  Pahr. 
Snow. 

Liying  vegetables. 
Living  animals. 
Flame. 
Smoke. 
Vapour. 

.  Salts,  soluble  in  water. 
Barified  air. 
The  vapour  of  alcohoL 


Order     IrutdaHmg  Bodiee,  plaeed  in  the  Inverte 
Order  of  their  Ineulaimg  Paemttf. 

Dry  metallic  oxides. 
Oils :  the  heaviest  are  the  best. 
Ashes  of  vegetable  bodies. 
Ashes  of  animal  bodies. 
Many  dry  transparent  crystals. 
Ice  below  IS"*  Fahr. 
Phosphorut. 
Lime. 
Dry  chalk. 

Native  carbonate  of  Baryta. 
Lycopodium. 
Caoutchouc. 
Camphor. 

Some  siliceous  and  argillaceous  stones. 
Dry  marble. 
Porcelain. 

Dry  vegetable  bodies. 
Wood  that  has  been  strongly  heated* 
Dry  gases  and  air. 
Leather. 
Parchmenti 
B  4 
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Qmdmeiimg  Bodies^  piaeed  in  the  Order 

qfiheir  Conducting  Power, 
The  vapour  of  ether. 
Earths  and  moist  rocks. 
Powdered  glass. 
Flowers  of  sulphur. 


ImuUxting  Bodies,  plaeed  in  the  Inverse 
Order  of  their  Ineulaiing  Faculty. 

Dry  paper. 

Feathers. 

Hair,  wool. 

DyedsUk. 

White  silk. 

Raw  silk. 

Transparent  precious  stones. 

The  diamond. 

Mica. 

All  Titrefactions. 

Glass. 

Jet. 

Wax. 

Sulphur. 

The  resins. 

Amber. 

Gum-lac* 


Electricity  by  Communication. 

Bodies^  therefore,  are  aU  capable  of  becoming  electrical  by 
friction;  but  they  differ  among  themselves  with  regard  to 
the  faculty  they  possess  of  transmitting  electricity;  some 
transmit  it  promptly  and  freely;  others  more  slowly  and 
with  difficulty ;  others  seem  to  be  almost  incapable  of  trans- 
mitting it.  However,  they  are  all  susceptible  of  taking  elec- 
tricity from  an  electrised  body  with  which  they  are  touched ; 
only  if  the  touched  body  is  an  insulator,  it  takes  electricity  on 
that  part  of  its  surface  alone  which  has  been  touched ;  whilst, 
if  it  is  a  conductor,  it  acquires  it  throughout  its  whole  extent, 
although  it  has  received  it  in  only  one  point  This  is  a  means 
of  electrising,  which  is  termed  to  electrise  by  communication. 

We  may  frirther  remark  that,  if  the  electrised  body  is  an 
insulator,  it  gives  the  electricity  it  possesses  to  the  conducting 
body  that  touches  it  only  at  the  points  in  which  the  contact 
takes  place ;  but,  if  it  is  a  conductor,  there  occurs  a  division 
of  its  electricity  between  itself  and  the  touched  body,  a  di- 

*  CfuUa  Percha  appears  to  be  of  known  sabstances  one  of  the  best  insnlaton  > 
its  place,  however,  cannot  exactly  be  assigned  in  this  table. 
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vision  which  is  subject  to  a  very  simple  law,  viz.  that  each  of 
the  two  bodies,  which  we  necessarily  suppose  insulated,  takes 
a  part  of  the  total  electricity  proportional  to  its  own  surface. 
This  law,  which  we  shall  demonstrate  hereafter*,  explains  why 
an  insulated  and  electrised  conducting  body,  when  put  into 
communication  with  the  ground,  loses  all  its  electricity ;  the 
electricity  that  it  possessed  is  really  divided  between  itself  and 
the  earth,  proportional  to  their  respective  sui&ces ;  but  its 
surface  being  infinitely  small  in  comparison  with  that  of  the 
earth,  there  must,  therefore,  remain  to  it,  after  contact,  infi- 
nitely less  electricity,  or  none  at  all. 

It  often  happens  that  when  we  bring  an  electrised  body 
near  to  a  body  that  is  not  so,  the  electricity  of  the  former  passes 
into  the  latter  before  there  is  any  contact  between  them, 
under  the  form  of  a  spark  that  traverses  the  space  of  air  by 
which  they  are  separated.  This  circumstance  in  no  degree 
modifies  the  final  result,  which  is  the  same  as  if  the  communi- 
cation had  been  made  by  contact. 

*  This  law,  as  we  shaU  see  further  on,  is  not  maOiematicdBy  rigorous  ;  bat  it 
so  nearlj  approaches  to  accnniGy,  as  to  be  able  to  be  admitted,  without  too  great 
an  error,  into  the  cases  that  are  more  fipequenUy  presented. 
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CHAP.   II. 
NATUBK  ANB  FOBH  OF  ELECTRICITT. 

Di&tmcMcn  between  the  tioo  Eleetridtiea, 

We  have  hitherto,  in  a  general  manner,  called  all  bodies 
elecirisedy  whatever  they  may  be,  which,  after  having  been 
rubbed  or  put  into  communication  with  an  electrised  body, 
exercise  an  attraction  at  a  distance  upon  light  bodies.  We 
are  now  about  to  study  this  kind  of  action  more  closely ;  and 
we  shall  see  that  this  study  will  lead  us  to  recognise  that 
the  electricity,  manifested  by  different  substances,  is  not 
always  identical 

If  to  a  film  of  raw  silk,  which  is  itself  fixed  to  a  glass  support 
that  insulation  may  be  more  perfect,  we  suspend  a  conducting 
ball  of  elder  pith,  about  a  quarter  of  an  inch  or  a  little  more 
in  diameter*,  we  shall  have  an  apparatus 
which  we  will  call  a  simple  electroscope  or 
electric  pendulimi.     If  we  bring  an  elec- 
trised glass  rod  near  to  this  ball,  the  ball 
will  be  attracted,  will  touch  the  glass,  and 
then,  after  having  touched  it,  will  be  im- 
mediately repelled  (Fig.  3.).      The  ball 
will  have  acquired  electricity  by  its  contact 
Fig.  3.  with  the  glass ;  it  will  preserve  this  elec- 

tricity, because  it  is  insulated ;  but,  if  it  is  touched  with  the 
hand,  it  will  immediately  lose  it,  and  be  restored  to  the 
natural  condition.  If  we  have  a  second  ball  similar  to  the 
first,  suspended  at  the  same  height,  and  electrised  in  the 
same  manner,  and  then  bring  the  two  balls  thus  electrised 
carefully  together,  giving  them  as  litUe  movement  as  possible, 
when  arrived  at  a  certain  distance  from  each  other,  they 

*  Balls  of  elder  pith,  coTered  with  leaf  gold,  or  vexy  light  hollow  metal  balls 
may  also  be  employed. 
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repel  each  other,  and  do  so  the  more  strongly  as  we  endeavour 
to  bring  them  more  closely  together.  If  we  make  the  same 
experiment  by  employing  a  stick  of  rubbed  wax  instead  of  a 
glass  rod  to  electrise  the  two  balls,  we  shall  have  exactly  the 
same  result.  But,  if  we  electrise  one  of  the  balls  with  the 
glass  rod,  and  the  other  with  the 
stick  of  wax,  and  then  bring  them 
together  careftdly,  when  arrived  at 
a  certain  distance  we  shall  see  them 
attract  and  then  fly  to  each  other, 
and,  after  having  touched,  recover  the 
vertical  position,  and  give  no  further 
Fig,  4.  signs  of  electricity  {Fig.  4.).* 

K  one  of  the  balls  is  electrised  either  with  glass,  or  wax, 
and  the  other  is  not,  they  attract  each  other ;  and,  as  soon  as 
they  have  been  in  contact,  ihey  repel  one  another;  the  first 
having  communicated  a  portion  of  its  own  electricity  to  the 
second. 

We  may  conclude  from  the  preceding  experiments :  — 

1.  That  there  is  attraction  between  an  electrised  body  and 
a  body  that  is  not  so. 

2.  That  there  is  repulsion  between  two  bodies  electrised  by 
the  same  source  of  electricity. 

3.  That  there  is  attraction  between  two  bodies  electrised, 
the  one  by  glass,  the  other  by  wax. 

There  is  not,  therefore,  an  identity  between  the  electricity 
that  glass  acquires  by  firiction,  and  that  which  wax  acquires, 
since,  on  a  body  electrised  in  the  same  manner,  the  effect  of 
the  one  is  repulsive,  and  that  of  the  other  attractive ;  hence, 
to  distinguish  them,  the  former  has  been  named  vitreous 
electricity,  and  the  latter  resinous  electricity. 

Experiment  has  taught  us  that  all  bodies  in  nature,  on 
being  rubbed,  acquire  one  or  other  of  these  electricities. 
Glass,  and  vitreous  bodies  in  general,  acquire  the  former; 

*  When  the  balls  are  of  pith,  it  sometimes  happens  that  the  contact  lasts  some 
moments,  before  the  neutralisation  is  completa  This  is  because  the  elder  pith, 
when  it  is  dry,  is  not  a  perfect  conductor  ;  and  the  electricity  consequently  does 
not  drcnlate  in  it  freely  and  promptly.  With  metgl  balls  or  pith  balls,  covered 
with  metal  leaf,  the  same  inconvemence  is  not  presented. 
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Wax,  gum-lac^  the  resins,  the  latter.  Metals  also  acquire 
resinous  electricity.  However,  the  kind  of  electricity  that  is 
developed  upon  a  body,  does  not  depend  solely  upon  the  nature 
of  this  body,  but  also  upon  that  of  the  substance  with  which 
it  is  rubbed.  In  order  to  understand  this  influence,  we 
should  be  aware  that  one  of  the  electricities  is  never  developed 
without  the  other  being  equally  so;  and  that,  when  two 
substances  are  rubbed  against  each  other,  if  the  rubbed  sub- 
stance acquires  vitreous  electricity,  the  rubbing  substance 
acquires  resinous  electricity  and  reciprocally,  which  may  be 
proved  in  the  following  manner :  — 

Instead  of  holding  in  the  hand  the  piece  of  cloth  that  is 
employed  in  producing  the  friction,  let  it  be  wound  roimd  the 
end  of  a  glass  rod,  by  means  of  which  it  is  to  be  held ;  then 
another  glass  rod  is  to  be  rubbed  with  the  cloth  thus  insulated. 
After  the  friction,  the  electrised  glass  is  to  be  brought  near 
the  pith  ball  of  a  simple  electroscope ;  this  ball  is  attracted, 
then  repelled,  after  having  acquired  vitreous  electricity.  The 
piece  of  insulated  cloth  that  has  served  as  a  rubber  is  then  to 
be  brought  near  to  it ;  the  ball  is  immediately  attracted,  a  proof 
that  the  cloth  has  acquired  resinous  electricity  during  the 
friction.  K  a  piece  of  wax  or  gum-lac  is  rubbed  with  the 
cloth,  the  cloth  is  found  to  have  acquired  vitreous  electricity ; 
the  wax  or  the  gum-lac,  on  the  contrary,  is  charged  with 
resinous  electricity. 

In  this  case  care  must  be  taken  that  the  resinous  substance 
does  not  leave  a  deposit  upon  the  cloth,  which  would  render 
the  result  of  the  experiment  doubtful. 

The  electricity  that  a  given  substance  acquires  is  not  al- 
ways the  same ;  there  is  nothing  absolute  in  regard  to  this ; 
thus  cloth  acquires  resinous  electricity  when  rubbed  with 
glass,  and  vitreous  when  rubbed  with  wax.  Glass  itself  may 
acquire  resinous  electricity  if  it  is  rubbed  with  a  cat's  skin, 
whilst  it  acquires  vitreous,  if  rubbed  with  cloth.  Tables  have 
been  drawn  out,  in  which  substances  are  placed  in  such  an 
order  that  each  acquires  vitreous  electricity,  if  rubbed  by 
those  that  follow  it  in  the  table ;  and  resinous  electricity  if 
rubbed  by  those  that  precede  it. 
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The  following  is  one  that  is  generally  adopted : — 

Cat's  skin.  Paper. 

Polished  glass.  Silk. 

Woollen  cloth.  Gum-lac 

Feathers.  Rongh  glass. 
Wood. 

However,  these  tables  are  never  perfectly  exact  We 
shall  return  to  this  subject  when  we  are  studying  friction  as  a 
source  of  electricity.  We  will  confine  ourselves  to  adding 
that,  independently  of  the  chemical  nature,  certain  physical 
circumstances  may  influence  the  nature  of  the  electricity  that 
bodies  acquire  in  their  mutual  friction.  Thus  polish  and 
temperature  exercise  in  this  respect  a  remarkable  influence. 
Polish  increases  the  tendency  of  a  body  to  acquire  vitreous 
electricity ;  elevation  of  temperature  its  tendency  to  acquire 
resinous  electricity.  Two  pieces  of  the  same  glass,  the  one 
polished  and  the  other  rough,  on  being  rubbed  together 
acquire  the  former  vitreous,  the  latter  resinous  electricity. 
Elevation  of  temperature  not  only  increases  the  resinous 
tendency,  but,  in  general,  greatly  facilitates  the  development 
of  electricity  in  bodies. 


NeutraJisation  of  the  two  Electricities. 

We  have  seen  that  when  two  movable  and  insulated  pith 
balls  possess  different  electricities  they  attract  each  other ; 
they  come  into  contact ;  then,  after  contact,  they  regain  their 
natural  state.  The  two  electricities  have  disappeared,  they 
have  become  neutralised.  In  order  that  this  neutralisation 
be  complete,  it  is  necessary  that  the  two  balls  have  each  the 
same  amount  of  electricity,  a  condition  that  is  easy  enough  to 
fulfil,  as  we  shall  see  ftirther  on.  If  the  electricity  of  one  is 
stronger  than  that  of  the  other,  there  always  remains,  after 
the  contact,  an  excess  of  electricity,  vitreous  or  resinous, 
according  as  the  vitreous  or  resinous  was  in  the  greater 
proportion.     Thus,  to  neutralise  a  certain  portion  of  vitreoue 
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electricity,  we  must  always  have  an  equal  quantity  of  redrwus 
electricity,  and  reciprocally.  Consequently,  one  of  the  elec- 
tricities, the  vitreous,  has  often  been  called  positive^  and  the 
other,  the  resinous,  negative:  founding  these  denominations 
upon  this  principle,  that,  like  as  by  adding  +  «  to  — «  we  obtain 
0,  so,  in  giving  to  a  body  that  is  possessed  of  a  certain  quan- 
tity of  resinous  electricity,  an  equal  quantity  of  vitreous,  we 
have  as  the  result,  the  zero  of  electricity,  a  result  which  may 
be  translated  mathematically,  only  by  giving  the  sign  +  to 
the  quantity  representing  one  of  the  electricities,  and  the  sign 
—  to  the  equal  quantity,  representing  the  other.  This  deno- 
mination is  completely  indq>endent  of  the  ideas  that  may  be 
formed  of  the  nature  of  electricity ;  for  it  rests  not  upon  a 
simple  hypothesis  but  upon  an  experimental  law* 

The  neutralisation  of  the  two  contrary  electricities,  a  con- 
sequence of  their  attraction,  may  take  place  according  to 
different  modes.  It  may  operate  at  a  distance,  in  the  case 
in  which  neither  of  the  two  balls  is  sufficiently  movable  to 
obey  the  attraction  that  reigns  between  them.  Two  metal 
balls  are  placed  each  at  the  extremity  of  a  vertical  glass  rod, 
one  fai  electrised  vitreously,  or  positively,  the  other  resinously, 
or  negikljvely.  The  two  insulating  supports,  and  conse- 
quently the  two  balls,  are  made  to  approach  each  other ; 
being  retained  by  their  supports,  they  cannot  come  together ; 
but  at  a  distance  greater  or  less,  according  to  the  electric 
charge  that  they  possess,  an  instantaneous  spark  is  seen  to 
shine  between  them,  accompanied  by  a  slight  snapping ;  and 
immediately  after  they  may  be  proved  to  have  lost  their 
electricity,  and  to  be  in  their  natural  condition.  To  prove 
this  we  have  only  to  bring  near  them  the  ball  of  an  electric 
pendulum,  it  is  no  longer  attracted,  whilst  it  was  so  before 
the  spark  had  passed.  This  spark,  therefore,  has  been  the 
manifestation  of  the  neutralisation  of  the  two  contrary  elec- 
tricities, which,  on  quitting  the  bodies,  where  they  were 
separately  accumulated,  were  carried  towards  each  other 
through  the  air  by  virtue  of  their  mutual  attraction  —  an 
attraction,  which  the  electrised  bodies  themselves  were  not 
able  to  obey.     This  mode  of  neutralisation  can  only  occur 
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when  the  electrised  bodied  are  placed  at  an  inconsiderable 
distance  apart — a  distance  that  must  vary  with  the  intensity 
of  the  electricity  with  which  they  are  charged,  and  the  con- 
dition of  the  air  comprised  between  thenL  But,  whatever 
may  be  this  distance,  the  contrary  electricities  may  be  neu- 
tralised, on  making  communication  between  the  two  balls,  by 
means  of  an  insulated  conductor,  such  as  a  metal  branch, 
held  by  an  insulating  handle. 

Static  and  Dynamic  State  of  Electricity, 

When  the  neutralisation  is  brought  about  either  through 
the  air  with  a  spark  or  through  a  conductor,  the  electricity  is 
said  to  be  in  the  dynamic  state^  for  the  instant  that  this 
neutralisation  lasts.  Only  in  the  case  with  which  we  have 
just  been  engaged  this  dynamic  state  is  instantaneous ;  it  is 
also  called  the  electric  discharge.  This  denomination  of  dy- 
namic is  given  to  the  state  of  movement  in  which  the  two 
electricities  are  supposed  to  be  found,  when  they  are  tra- 
velling towards  each  other  to  neutralise  each  other,  in  op- 
position to  the  static  state,  or  that  of  rest,  in  which  these  two 
electricities  are  found,  when  they  are  separately  accumulated 
on  insulated  bodies.  The  latter  state  is  also  named  electric 
tension* 

The  dynamic  state  may  be  instantaneous  or  contimums.  It 
is  instantaneous  in  the  preceding  case,  in  which  the  two 
electrised  metal  balls  are  insulated ;  and  consequently  acquire 
no  more  electricity  after  that  which  they  possess  has  once 
become  neutralised.  But,  suppose  one  of  the  balls  to  be  in 
communication  with  a  constant  source  of  positive  electricity, 
and  the  other  with  an  equally  constant  source  of  negative 
electricity,  the  two  electricities  being  constantly  renewed,  in 
proportion  as  they  are  neutralised,  there  wiU  be  between  the 
two  balls  a  continual  succession  of  sparks ;  and,  if  they  com- 
municate by  a  conductor,  there  will  be  through  this  conductor 
an  uninterrupted  neutralisation  or  a  continued  reunion  of  the 
two  electricities ;  this  is  what  is  termed  the  continuous  dynamic 
state  or  electric  current.     We  then  say  that  the  conducting 
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bodj^  which  serves  to  establish  a  communication  between  the 
two  balls,  is  traversed  by  an  electric  current 

Bodies  that  serve  for  the  passage  of  electricity,  when  it  is 
in  either  the  instantaneous  or  the  continuous  dynamic  state, 
undergo,  by  the  effect  of  this  passage,  certain  modifications^ 
some  temporary,  others  permanent,  which  are  extremely  re-* 
markable.  For  the  present  we  will  quote  but  two  examples^ 
If  it  is  a  very  fine  metal  wire,  and  of  no  great  length,  that 
serves  to  transmit  the  dynamic  electricity,  this  wire  is  heated, 
becomes  incandescent,  and  may  even  melt,  if  the  electricities, 
whose  reunion  it  is  bringing  about,  have  great  intensity*  If 
the  body  through  which  the  transmission  occurs  is  water,  this 
water  is  in  part  decomposed ;  and  its  two  constituent  gases, 
namely,  oxygen  and  hydrogen,  are  seen  to  be  set  fi:«e.  But 
this  effect  is  manifested  in  a  more  marked  degree  when  the 
dynamic  state  is  continuous,  namely,  when  the  electricity  is  in 
the  state  of  current ;  whilst  the  effect  we  have  first  mentioned, 
namely,  that  of  heating,  occurs  equally,  whether  the  dynamic 
state  be  instantaneous  or  continuous. 


Theories  on  the  Nature  of  Electricity. 

We  shall  now  have  to  study  the  properties  possessed  by 
electricity,  both  when  we  consider  it  in  its  static  state,  and 
when  we  regard  it  in  its  dynamic  state.  But,  before  passing 
to  this  study,  it  is  important  for  us  to  form  an  idea  of  what 
electricity  is,  and  of  the  opinions  that  have  been  formed  on 
this  subject  The  knowledge  of  these  theories  is  absolutely 
necessary  for  us,  even  were  it  only  to  make  us  familiar  with  the 
established  expressions,  which  depend  in  great  part  upon  them. 

The  theory  most  generally  admitted  in  the  present  state  of 
our  knowledge,  consists  in  regarding  each  of  the  two  elec- 
tricities, both  the  vitreous  and  the  resinous,  as  excessively 
subtile  and  imponderable  fluids,  each  composed  of  particles 
that  mutually  repel  each  other,  while  the  particles  of  the  one 
attract  the  particles  of  the  other.  These  fluids  are  able  to 
travel  freely  in  conducting  bodies ;  and,  as  their  particles  tend 
mutually  to  repel  each  other,  they  arrange  themselves  on  thei 
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surface  of  these  bodies,  where  they  remain,  because  they 

meet  the  aur  which,  being  an  insulating  body,  does  not  permit 

them  to  go  ftirther.     In  non-conducting  bodies  the  two  fluids 

are    constrained  in  their  movements,  which  we  attribute  to 

their  being  retained  by  the  particles  of  these  bodies.     When 

the  two  fluids  unite,  by  virtue  of  their  mutual  attraction,  they 

JEure  neutralised,  and  form  neutral  fluid  or  natural  electricity y  the 

action  of  which  is  not  sensible,  because  the  effect  of  the  two 

contrary  fluids  is  counterbalanced.     It  is  admitted  that  every 

body  contains  natural  electricity ;  hence,  to  electrise  a  body 

is  to  decompose  this  electricity ;  one  of  the  parts  or  one  of  the 

principles  of  which  remains  in  excess  on  the  rubbed  body,  and 

the  other  principle  remains  in  excess  on  the  rubbing  body. 

This  is  called  Synuner's  two-fluid  theory. 

Franklin's  theory  consists  in  admitting  but  one  single  im- 
ponderable electric  fluid,  very  subtle,  and  all  the  particles  of 
which  mutually  repel  each  other.  Each  body  has  a  deter- 
'  minate  capacity  for  this  fluid.  When  it  contains  as  much  as 
it  ought  naturally  to  have,  the  body  is  in  the  natural  electric 
state.  To  electrise  a  body  vitreously  is  to  give  it  more  elec- 
tricity than  it  naturally  contains ;  it  is  then  in  the  positive 
electric  state :  to  electrise  a  body  resinously  is  to  deprive  it 
of  a  portion  of  its  natural  electricity ;  it  is  then  in  the  negative 
electric  state.  We  have  seen  that  these  denominations  of 
positive  and  negative  electricity,  which  follow  from  Franklin's 
theory,  may  be  justified  by  considerations  altogether  inde- 
pendent of  every  hypothetical  view,  and  based  simply  on 
facts. 

We  shall  not  here  discuss  the  comparative  merit  of  these 
two  theories ;  the  latter,  at  least  in  such  sort  as  Franklin  has 
formularised  it,  cannot  be  admitted :  we  shall  presently  see 
for  what  reason.  The  former,  although  subject  to  strong 
objections,  is,  however,  in  the  present  state  of  the  science,  a 
very  convenient  and  tolerably  exact  manner  of  representing 
to  ourselves  this  agent,  that  we  term  electricity :  it  is  tmder 
this  point  of  view  that  we  shall  adopt  it.  However,  we  may 
for  the  present  say  it  is  very  probable  that  electricity,  instead 
of  consisting  of  one  or  of  two  special  fluids  sui  generis, 
VOL.  I.  0 
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is  nothing  more  than  the  result  of  a  particular  modification 
in  the  state  of  bodies.  This  modification  probably  depends 
on  the  mutual  action  exercised  on  each  other  by  the  pon* 
derable  particles  of  matter,  and  the  subtle  fluid  that  surroimds 
them  on  every  side ;  a  fluid  that  is  generally  designated  by 
the  name  of  ether,  and  the  undulations  of  which  constitute 
light  and  heat 
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CHAP.  in. 

OP   THE   ELECTRICAL  MACHINE  AND  ELECTROSCOPES. 

In  the  same  maimer  as  it  was  necessary  that  we  should  make 
ourselves  familiar  beforehand  with  certain  theoretical  notions, 
in  order  to  pursue  a  detailed  study  of  electricity,  so  also  it  is 
important  for  us,  at  the  outset,  to  make  ourselves  well  acquainted 
with  some  of  the  instruments  that  we  shall  be  most  frequentiy 
called  upon  to  employ,  particularly  the  Electrical  MacJdn&, 

Electrical  Machine^ 
An  electrical  machine  (Fig.  5.)  consists  of  a  circular  glass 
plate,  firom  y^^th  to  ^th  of  an 
inch  in  thickness,  and  the  dia- 
meter of  which  is  equally 
various ;  it  is  generally  about 
'2  feet  or  2^  feet,  and  some- 
times 3  feet;  tiiere  exists  at 
London,  at  the  Polytechnic 
Jiistitution,  im  electrical  ma- 
chine, the  plate  of  which  is  as 
large  as  7  feet  3  inches  in 
diameter.  The  plate  is  tra^ 
versed  at  its  o^itre  by  a  metal 
axis,  fixed  solidly  to  the  glass 
by  means  of  two  ferrules :  this  ^^'  ^* 

axis  rests  upon  two  wooden  supports,  fixed  vertically  at  the 
end  of  a  solid  table,  and  is  so  placed  that  the  glass  plate  is 
situated  between  the  two  supports,  and  at  an  equal  distance 
from  either,  A  handle,  fixed  to  the  extremity  of  the  axis 
that  is  situated  on  the  outer  side  of  the  table,  serves  to  give 
a  rotatory  movement  to  the  plate.     The  greater  portion  of 
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this  handle  is  commonly  of  glass,  so  that  the  electricity  of  the 
part  of  the  plate  nearest  to  the  axis  may  not  be  condacted 
into  the  ground  by  the  hand  and  body  of  the  person  who  is 
working  the  machine;  which  might  occur,  were  it  not  for 
this  precaution.  Two  pairs  of  horse-hair  cushions,  covered 
with  leather,  are  placed,  one  in  the  upper  part,  the  other  in 
the  lower  part  of  each  of  the  two  vertical  supports.  These 
cushions  are  so  arranged  that  each  portion  of  the  plate  is  made 
to  pass  successively  between  them ;  first  above,  then  below, 
by  means  of  the  rotatory  movement  It  is  also  necessary  that 
the  cushions  be  sufficiently  near  together,  and  sufficiently 
elastic  to  exercise  a  strong  pressure  against  the  plate:  this 
produces  a  friction  that  electrises  the  glass.  The  cushions 
are  4  or  6  inches  wide,  and  are  as  long  as  possible,  always, 
however,  leaving  a  sufficient  interval  between  their  ex- 
tremities and  the  metal  ferrules,  by  which  the  axis  of  the 
plate  is  fixed. 

Experience  has  taught  us  that,  in  order  to  render  the 
liberation  of  electricity  more  considerable,  the  surface  of  the 
leather  of  the  cushion  must  be  covered  with  an  amalgam  of 
zinc  or  a  coat  of  mosaic  gold  (deuto-sulphuret  of  tin).  Without 
the  addition  of  this  coating,  which  must  be  often  renewed,  the 
electricity  developed  by  the  immediate  friction  of  the  leather 
against  the  glass  will  be  excessively  feeble.  Finally,  the 
vitreous  electricity  that  is  acquired  by  the  glass  plate  by  the 
effect  of  friction  is  collected  by  cylindrical  conductors,  gene»- 
raUy  of  brass,  which  are  placed  horizontally  on  vertical  glass 
stems,  themselves  fixed  on  the  table,  at  one  of  the  extremities 
of  which  the  supports  are  placed  by  which  the  glass  plate  and 
the  cushions  are  sustained.  There  are  generally  two  parallel 
conductors,  each  supported  by  two  glass  legs,  and  connected 
by  a  metal  stem,  passing  from  one  to  the  other :  these  two 
conductors  are  situated  behind  the  plate,  parallel  to  its  axis 
prolonged,  and  at  the  same  height  as  this  axis ;  from  which 
they  are  equidistant  Sometimes  there  is  only  one  conductor, 
and  it  is  situated  also  behind  the  plate,  upon  the  axis  pro- 
longed ;  and  biftircates  near  the  plate  into  two  branches,  equi- 
distant from  its  centre.     Each  of  these  branches,  or  each  of 
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the  two  conductors,  when  there  are  two,  carries  at  the  ex- 
tremity that  is  nearest  to  the  plate  a  metal  arm  so  bent  as  to 
envelope,  without  touching,  the  part  of  the  surface  of  the 
plate  situated  at  the  height  of  the  axis.  These  appendices  are 
furnished  in  the  part  of  their  surface  that  is  turned  towards 
the  glass  with  metal  points,  which  approach  as  closely  as 
possible  to  the  plate,  without,  however,  being  in  contact  with 
it.  These  points  serve  to  draw  off,  from  all  the  parts  of  the 
plate  that  are  successively  presented  before  them,  the  electri- 
city acquired  by  them  in  their  passage  between  the  cushions. 
An  envelope  of  waxed  silk  serves  to  protect  from  dust  and 
from  the  agitation  of  the  air,  the  portion  of  the  plate  that  has 
just  been  electrised  against  the  cushions,  imtil  its  arrival 
lefore  the  points  that  draw  off  from  it  its  electricity.  The 
latter  then  passes  to  the  insulated  conductors,  where  it  is 
accumulated  in  a  greater  or  less  proportion,  according  to  the 
power  of  the  machine  and  the  length  of  time  it  has  been 
working.  There  is,  however,  a  limit  to  this  time ;  when  tlie 
intensity  of  the  electricity  on  each  part  of  the  conductor  is 
equal  to  what  it  is  on  the  part  of  the  plate  that  has  just 
undergone  friction,  and  is  not  yet  discharged,  it  is  impossible 
to  increase  the  electrical  charge  of  this  conductor,  even 
although  the  machine  continues  to  be  worked. 
•  In  order  to  preserve  the  electricity  on  the  conductors,  they 
must  not  present  any  angular  or  pointed  parts,  except  those 
by  which  the  electricity  penetrates;  and  they  must  be 
throughout  of  as  roimded  a  form  as  possible.  The  supports 
also  must  be  good  insulators ;  and  with  this  view  the  glass 
rods  are  covered  with  a  coating  of  gum-lac  varnish.  When 
the  air  is  moist  it  must  be  dried  aroimd  the  conductors  by 
means  of  chafing-dishes  filled  with  live  coals ;  and  the  in- 
sulating supports  must  be  rubbed  with  warm  cloths.  As  the 
moisture  sdso  accumulates  upon  the  glass  itself,  and  as  this 
moisture  is  much  opposed  to  the  development  of  electricity, 
the  latter  must  frequently  be  rubbed,  to  get  rid  of  it,  either 
with  a  warm  cloth  or,  which  is  much  better,  a  rag  impregnated 
with  ether.  The  dust,  that  flies  about  in  a  room,  is  often  as 
hurtfrd  as  moisture  to  the  preservation  of  electricity  on  in- 
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sulated  conductors:  we  must  protect  ourselves  from  it  as 
much  as  possible^  and^  with  this  view,  be  careful  firequently 
to  wipe  the  conductors  and  the  insulating  supports  with  clean 
cloths. 

In  the  electrical  machine,  as  we  have  been  describing  it, 
the  cushions  communicate  with  the  ground  by  means  of  the 
wooden  supports,  and  of  the  table,  also  of  wood,  upon  which 
these  supports  are  placed ;  sometimes  a  metal  chain  is  added 
to  facilitate  this  communication :  thus  the  negative  electricity 
which  they  acquire  by  friction  is  lost  in  proportion  as  it  is 
liberated;  if  we  wish  to  collect  it,  the  cushions  must  be 
insidated  by  glass  supports,  which  require  a  slightly  different 
construction.  By  thus  insulating  the  cushions,  we  succeed 
indeed  in  obtaimi^  n^ative  electricity,  but  the  quantity  of 
positive  electricity  collected  upon  the  insulated  conductors  is 
reduced  to  one  half:  this  is  a  consequence  of  the  laws  of  the 
liberation  of  electricity  by  friction,  as  yre  shall  see  further  on. 
Hence  it  is  better,  when  we  wish  to  hav6  positive  electricity 
alone,  to  make  the  cushions  communicate  with  the  ground  by 
means  of  a  metal  chain.  If  we  wish  to  have  negative  electri* 
city  alone,  we  must,  for  the  same  reason,  put  the  conductors, 
upon  which  the  positive  is  liberated,  in  conununication  with 
the  ground,  by  means  of  a  metal  chain.  If  we  want  to  have 
both  electricities  at  the  same  time,  we  must  then  make  neither 
the  conductors  nor  the  cushions  to  communicate  with  the 
ground. 

Formerly,  in  the  construction  of  electrical  machines,  glass 
muffs  or  cylinders  were  employed,  instead  of  circular  plates. 
There  are  still  some  powerfrd  machines  constructed  after  this 
fashion.  This  gives  rise  to  a  few  differ^ices,  which  are  easy 
to  be  perceived,  in  the  details  of  the  construction.  We  shall 
not  dwell  upon  them.  The  machine  Fig.  6.,  the  cushions  of 
which  are  insulated,  is  a  cylinder  machine. 

An  important  circumstance  is  the  quality  of  the  glass  of 
which  the  plate  or  cylinder  is  made.  It  is  impossible  to  point 
out  any  rule  in  this  respect ;  experiment  alone  can  decide  in 
each  particular  case.  In  general,  the  best  glasses  are  those 
into  the  composition  of  which  the  least  amount  of  alkali  enters. 
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and  the  glasses  with  the  potash  base;  also  tolerably  ancient 
glass,  especially  that  of  Bohemia,  is  preferable  to  modern 


Fig.  6. 

It  is  aflSrmed  that  exposure  to  the  sun  for  a  certain 
time,  during  the  whole  of  a  fine  summer's  day  for  example, 
gives  to  a  glass  plate  a  great  electrical  power. 


Different  Apparatus  that  accompany  the  Electrical  Machine. 

The  electrical  machine  is  always  accompanied  by  certain 
apparatus,  with  which  we  must  become  equally  acquainted, 
on  account  of  ihe  frequent  use  that  is  made  of  them.  They 
are,  in  particular,  the  quadrant  electrometer^  the  discharging  rod, 
and  the  insulating  stooL 

The  Quadrant  Electrometer  (Fig.  7.)  consists  of  a  metal  stem, 
which  is  fixed  vertically  on  a  foot,  or  upon  the  conductor  of 
an  electrical  machine ;  the  stem  carries,  in  its  upper  part,  a 
small  wooden  or  ivory  needle,  terminated  by  a  ball 
of  eld^  pith,  and  movable  in  a  vertical  plane.  It 
naturally  acquires  a  vertical  position,  consequently 
parallel  to  that  of  the  stem,  with  which  the  pith 
ball  is  in  contact  But  the  electricity  that  is  com* 
municated  to  the  instrument  obliges  the  ball  to 
recede  from  the  fixed  stem,  and  consequently 
makes  the  needle  that  carries  it  describe  a  larger 
or  a  smaller  angle,  which  is  measured  upon  a  cir- 
cular division.  ^'^-  7' 
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The  Discharging  Bod  (Fig.  8.)  is  a  metal  conductor  com' 
posed  of  two  similar  sterns^  united  bj 
a  joint,  which  permits  of  their  being 
separated  to  yarious  distances,  and 
each  terminated  by  a  baU;  one,  or 
more  frequently  two  glass  handles 
permit  the  experimenter  to  hold  the 
metal  stems  with  his  hands,  so  as  to 
use  them  for  passing  the  electricity 
from  one  body  to  another,  which,  but  ^'  ^• 

for  this  contrivance,  would  escape  into  the  ground. 

The  Insulating  Stool  {Fig.  9.)  is  a  wooden  table,  varying  in 
size,  supported  by  glass  legs :  all  bodies  that  are  placed  upon 
it  are  thus  in  a  state  of  insulation. 
The  feet  are  commonly  of  sufficient 
strength  to  support  the  weight  of  a 
man.  If  the  li^tter,  when  placed 
upon  an  insulating  stool,  touches 
with  bis  hand  the  conductor  of  an  j,.   ^ 

electrical  machine  in  action,  sparks 

may  be  drawn  from  all  parts  of  his  body,  similar  to  those 
that  could  be  drawn  from  the  conductor  itself. 

Some  Experiments  mth  the  Electrical  Machine. 

Among  the  numerous  experiments  that  may  be  made  with 
the  electrical  machine,  we  shall  confine  ourselves,  for  the 
present,  to  mentioning  the  following : — 

If  the  hand  is  brought  near  to  the  conductor  of  the  machine, 
a  vivid  and  instantaneous  light  is  manifested  between  the 
conductor  and  the  hand,  which  is  accompanied  with  a  certain 
degree  of  painfrd  sensation.  It  is  the  electric  spark  which  we 
have  already  seen  to  be  produced  in  the  neutralization  of  the 
two  electricities,  and  which  here  shows  itself,  when  one  alone 
of  the  two  electricities,  no  matter  which,  is  escaping  from 
a  conductor  upon  which  it  is  accumulated,  to  pass  through 
the  air  into  another  conductor. 

Any  conductor  whatever,  if  substituted  for  the  hand,  pro- 
duces the  same  effect. 
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We  can  compel  the  electric  spark  to  traverse  bodies  of 
small  conducting  power,  or  of  none  at  all,  such  as  ether  and 
alcohol,  and  it  instantly  inflames  them. 

It  also  inflames  combustible  gases,  such  as  hydrogen :  thus, 
if  we  bring  a  candle  that  has  just  been  extinguished,  near  to 
the  electrised  conductor  of  the  machine,  so  that  the  spark 
passes  from  the  conductor  to  the  candle,  through  the  smoke, 
which  is  nothing  more  than  carburetted  hydrogen  gas,  the 
candle  is  relighted. 

For  inflaming  hydrogen  we  often  use  Volta's  pistol  (Fig.  10.), 
which  is  a  small  sheet  iron  vessel,  in  the  interior 
of  which  is  situated  the  rotmded  end  of  a  metal 
rod,  insulated  by  means  of  a  glass  tube  and  wax, 
and  the  other  extremity  of  which  appears  outside 
the  glass.  A  little  hydrogen,  which  becomes 
mixed  with  the  air,  is  placed  inside  the  vessel;  ^-  ^^' 
then,  by  means  of  a  cork  stopper,  all  communication  with  the 
exterior  air  is  intercepted.  The  electric  spark  is  made  to  pass 
into  the  interior,  by  means  of  the  insulated  conducting  rod. 
There  arises  a  strong  detonation,  produced  jfrom  the  combi- 
nation of  the  hydrogen  with  the  oxygen  of  the  air,  and  the 
cork  is  projected  afar. 

The  employment  of  the  electrical  machine  and  of  the  insu- 
lating stool,  enables  us  to  demonstrate  in  an  elegant  mamier 
the  differences  of  conductibility  of  divers  substances.  A 
person  places  himself  upon  the  stool ;  he  takes  successively 
into  one  of  his  hands  rods  of  glass,  of  wood,  of  metal,  with 
which  he  touches  the  conductor  of  a  machine,  the  plate  of 
which  is  made  to  revolve ;  he  brings  the  other  hand  to  a 
conductor  communicating  with  the  ground.  According  to 
the  insulating  or  conducting  property  of  the  rod,  there  is  or 
there  is  not  a  spark,  and  according  to  its  degree  of  conducti- 
bility, there  is  a  longer  or  a  shorter  spark.  We  may  even 
show  the  presence  of  the  spark  by  employing  it,  although  it 
comes  out  from  the  hand,  to  set  fire  to  an  inflammable  sub- 
stance, such  as  ether  or  hydrogen  gas.  In  the  same  manner 
is  demonstrated  the  insulating  or  conducting  property  of 
threads   of  various   substances,   such   as   caoutchouc,   gutta 
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percha,  dry  or  moist  silk^  &c.,  by  making  them  communicate 
by  one  of  their  extremities  with  the  conductor  of  the  machine, 
and  holding  them  with  one  hand  by  the  other  extremity. 

Electroscopes. 

Electroscopes  or  electrometers  are  apparatus  designed  for 
detecting  the  presence  of  electricity,  for  indicating  its  nature, 
and  for  measuring,  if  possible,  its  intensity.  We  have  already 
spoken  of  simple  electroscopes,  and  of  the  quadrant  electrometer. 
The  others  are  in  general  founded  upon  the  principle  that  two 
very  light  bodies,  when  freely  suspended,  and  very  near  to  each 
other,  are  mutually  repulsive,  when  they  are  charged  with  the 
same  electricity ;  and  this  to  a  distance  greater  in  proportion 
as  the  electricity  is  stronger.  The  most  simple  is  formed  of 
a  glass  rod,  fixed  vertically  on  a  foot,  and  surmounted  by  a 
small  horizontal  metal  cross-piece,  terminated  at  the  one  end 
by  a  knob,  and  at  the  other  by  a  hook,  to 
which  is  suspended  a  linen  thread,  whose 
two  ends  are  stretched  vertically  by  two 
balls  of  elder  pith  fixed  at  each  of  the  two 
extremities  (Fig.  XI.),  The  metal  cross- 
piece  is  to  be  touched  with  the  electrised 
body,  and  the  electricity  is  immediately 
communicated  through  the  linen  tinread, 
which  is  a  conductor,  to  the  two  balls, 
which  recede  from  each  other.  To  know 
the  nature  of  the  electricity,  we  touch  the  metal  cross-piece, 
whilst  the  electroscope  is  charged,  witii  a  stick  of  electrised 
wax :  we  thus  give  to  the  instrument  negative  electricity.  If 
the  two  balls  approach,  we  conclude  that  the  electricity  with 
which  the  instrument  was  charged  was  positive;  if  tiiey 
separate  fiirtiier,  we  conclude  that  it  was  negative. 

To  render  the  instrument  more  sensitive  and  more  accurate, 
the  two  light  bodies  are  inclosed  in  a  bell-glass,  whence  there 
arises  a  metal  rod  that  sustains  them,  and  which  is  to  be 
touched  with  the  electrised  substance.  The  light  bodies 
themselves  are  then  either  the  two  pith  balls  (Fig.  12.),  or 
two  blades  of  straw,  as  in  Volta's  electrometer  (Fig.  13.), 
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or  two  gold  leaves  beaten  very  thin,  as  in  Bennet's  electro- 
meter {Fig.  14.);    in  this    latter  two   small  metal    sterns^ 


Fig.  12. 


Fig,  IS. 


Fig.  14. 


each  terminated  by  a  knob,  are  placed  vertically  on  the  foot 
of  the  instrument,  on  each  side  of  the  gold  leaves,  so  that, 
when  the  latter  diverge  too  strongly,  they  come  in  contact 
with  the  steins,  which  are  in  communication  with  the  earth, 
and  are  thus  discharged.  We  thus  avoid  the  tearings  re- 
sulting from  the  adhesion  to  the  sides  of  the  bell-glass,  to 
which  the  gold  leaves  would  be  subject  by  the  effect  of  too 
strong  a  charge  of  electricity.  Finally ;  in  all  electroscopes 
a  circular  division  enables  us  to  measure  the  angular  separa- 
tion of  the  two  light  bodies,  the  pith  balls,  the  blades  of  straw, 
or  the  gold  leaves.  The  metal  stem,  in  the  gold  leaf  electro- 
meter, carries,  at  its  lower  extremity,  which  penetrates  into 
the  upper  part  of  the  bell-glass,  pincers,  by  means  of  which 
the  gold  leaves  are  fixed ;  and  its  upper  extremity,  which  is 
outside  the  bell,  is  terminated  by  a  disc  or  a  knob.  In  order 
that  the  electricity  which  is  given  to  the  knob  may  not  be 
lost,  and  may  pass  onward  and  affect  the  gold ' 
leaves,  care  is  taken  to  place  the  metal  rod 
itself  in  a  glass  tube,  which  covers  it  entirely, 
except  at  its  two  extremities:  this  tube  pene- 
trates into  the  bell  through  a  metal  ferrule,  to 
which  it  is  cemented  by  means  of  an  insulating 
material,  such  as  wax  or  gum-lac  The  ferrule 
is  also  fixed  by  means  of  wax  to  the  tubular  hole 
of  the  bell  (i^i^.  15.). 

It  is  very  important  that  the  air  be  very  dry,  both  in  the 


Fig.  15. 
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interior  of  the  bell  and  on  its  exterior  surface,  so  that  the 
electricity  may  not  be  dissipated  by  contact  with  moist  air. 
With  this  view,  the  electroscope  itself  is  frequently  placed  all 
entire  in  a  glass  cage,  filled  with  chloride  of  calcium  or  quick 
lime,  which  well  dries  the  air ;  care  being  taken  to  let  no  part 
be  outside  the  cage,  except  the  knob  or  metal  disc,  by  which 
the  electricity  is  made  to  reach  the  gold  leaves. 

With  sensible  electroscopes,  such,  in  particular,  as  the  gold 
leaf,  it  is  not  always  necessary  to  touch  with  the  electrised 
substance  the  exterior  part  of  the  metal  rod  which  carries  the 
light  bodies,  in  order  to  pass  into  the  latter  the  electricity  that 
we  wish  to  collect  It  is  sufficient  to  bring  the  substance 
near  the  rod ;  and,  by  an  effect  which  we  shall  soon  study, 
the  gold  leaves,  while  under  this  influence,  are  found  to 
possess  an  electricity  similar  to  that  possessed  by  the  substance 
itself.  In  like  manner,  if  the  electroscope  is  electrised,  it  is 
sufficient  to  bring  near  to  it,  without  contact  being  necessary, 
a  body  whose  electricity  is  known,  in  order  to  judge,  from  the 
greater  or  more  feeble  divergence  of  the  two  light  bodies, 
what  the  nature  is  of  the  electricity  with  which  they  are 
charged. 

Although  the  degree  of  divergence  of  gold  leaves,  and  in 
general  of  all  other  light  bodies,  is  in  relation  with  the  in- 
tensity of  the  electricity  that  animates  them,  this  intensity  is 
far  from  being  exactly  proportional  to  the  number  of  the 
degrees  of  separation.  Thus,  to  speak  truly,  the  instruments 
that  we  have  been  describing  deserve  rather  the  name  of 
electro8C(^pe8  than  that  of  electrometers,  which  latter  name  must 
be  reserved  to  apparatus,  such  as  Coulomb's  balance,  of  which 
we  shall  speak  in  the  following  Part,  and  which  give  in- 
dications proportional  to  the  intensity  of  the  electricity  with 
which  they  are  charged. 
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CHAP.  IV. 

OP   THE   VOLTAIC  PILE  AND   VOLTAMETERS. 

Voltage  Column  Pile, 

The  voltaic  pile,  like  the  electrical  machine,  is  an  apparatus 
in  constant  requisition  in  the  study  of  electricity ;  but  it  is 
based  upon  another  mode  of  developing  the  electric  fluids. 
Friction  is,  indeed,  not  the  only  mode  of  producing  this 
development :  there  exist  others ;  in  particular,  elevation  of 
temperature,  and,  also,  the  chemical  action  of  one  body  upon 
another.  The  simple  contact  of  two  heterogeneous  substances, 
such  as  that  of  two  different  metals,  is  also,  according  to  some 
philosophers,  a  source  of  electricity.  It  is  not  the  place  here 
to  study  the  different  modes  of  producing  electricity;  this 
subject  will  be  treated  of  in  the  Fifih  Part 

We  mi^st  here  confine  ourselves  to  saying  that  the  Voltaic 
Pile  is  an  apparatus  in  which  electricity  is  developed,  accord- 
ing to  some  by  the  contact  of  two  metals  of  a  different  nature^ 
and  according  to  others  by  the  chemical  action  of  the  liquids^ 
with  which  it  is  charged,  upon  one  of  the  two  metals  that 
enter*  into  its  formation.      It  presents,  in  fact,  these  two 
circumstances  united :  we  shall  see,  in  the  sequel,  what  part 
must  be  attributed  to  each.     This  is  of  little  consequence  to 
us  at  present,  since  we  are  only  concerned  in  the  description 
of  the  apparatus.     We  may  further  add  that  the  pile  devised 
by  Volta  owed  its   origin  to  the 
interpretation    which     this    cele- 
brated philosopher  gave  to  a  re- 
markable    experiment    made    by 
Galvani,  namely,  that  a  frog  un- 
dergoes a  violent  commotion  when 
one  of  its  nerves,  being  exposed,  is 
touched  with  one  metal,  and  its 
muscles  with  another  metal,   the  Fiff.ie. 
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two  metals  being  themselves  in  close  contact,  in  one  or  more 
points  of  their  surface  (Fig.  16.).  This  effect,  which  is  due 
to  a  liberation  of  electricity,  has  caused  the  electricity  thus 
liberated  to  be  called  galvanic^  and  the  part  of  physical  science 
concerned  in  it  to  be  called  galvanism;  but  the  name  of 
voltaic  must  remain  to  the  pile,  since  it  truly  originates  with 
Volta, 

The  first  form  that  was  given  by  Volta  to  the  pile  is  that  of 
a  vertical  column,  formed  of  discs  of  copper  and  zinc,  from 
1^  to  2^  inches  in  diameter,  arranged  as  follows 
{Fig.  17.).     The  base  of  the  column  is  a  copper 
disc,  upon  which  is  placed  a  zinc  disc ;  the  com- 
bination of  these  two  superposed  discs  forms  a 
pair ;  over  this  first  pair  a  second  similar  pair  is 
placed,  care  being  taken  that  the  copper  is  always 
below  the  zinc:   the  second  pair  is  separated 
from  the  first  by  a  circular  piece  of  cloth  or 
pasteboard,  well  moistened  with  water,  or,  which 
is  better,  with  salt  water  or  acid  water.  Upon  the 
second  pair  is  placed  a  third,  arranged  in  the 
•Fig.  17.        same  manner,  and  separated  also  by  a  moistened 
circular  piece,  similar  to  that  which  preceded.   In  this  maimer 
a  greater  or  less  number  of  pairs  are  superposed  one  over  the 
other,  care  being  taken  to  retain  them  in  their  position  by 
means  of  vertical  rods  of  glass ;  if  the  precaution  has  been 
taken  to  insulate  the  pile  by  resting  its  base  upon  a  plate  of 
glass,  it  is  found  to  be  charged  with  negative  electricity  at 
its  lower  extremity,  where  it  is  terminated  by  the  copper  disc, 
and  with  positive  electricity  at  its  upper  extremity,  where  it 
terminates  by  the  disc  of  zinc     These  extremities  are  termed 
poles ;  the  former  the  negative,  and  the  latter  the  positive  pole 
of  the  pile.    Had  the  two  metals  been  placed  in  another  order, 
namely,  had  we  commenced  with  the  zinc,  and  placed  upon 
it  the  copper  disc,  then  the  moistened  cloth,  and  then  again 
zinc,  copper,  and  moist  cloth,  and  so  on,  the  positive  pole 
would  have  been  below  and  the  negative  above.      Two  wires 
lead  one  from  the  extreme  copper  and  the  other  from  the 
extreme  zinc,  each  communicating  the  electricity  of  the  pole 
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whence  it  originates ;  and  when  they  are  brought  together,  a ', 
^  spark  parses  b^tT^^n  them,  resukmg  from  tEe^  neutralization 
'^f  the  two  contrary  electricities.  If  these  wires  are  held  one 
in  each  hand,  when  the  number  of  pairs  in  the  pile  is  sufB* 
ciendy  great,  a  series  of  dhocks  are  felt,  the  sensation  of  which 
is  sometimes  very  painAil.  When,  instead  of  the  human  body, 
a  very  fine  wire  of  iron,  platinum,  or  any  other  metal,  an  inch 
or  two  in  length,  is  employed  to  connect  the  two  conductors,  ' 
the  neutralization  of  the  two  electricities  is  brought  about 
through  this  wire,  which  rises  in  temperature  and  becomes  i 
incandescent  The  length  and  diameter  of  wire  that  can  be 
heated  are  greater  in  proportion  as  the  pile  is  more  powerful. 
The  most  remarkable  circumstance  is,  that  the  incandescent 
condition  of  the  wire  is  permanent^  ^ause  the  neutraUzation 
of  the  two  electricities'  is  continued,  the  pile  liberating  them 
at  each  of  its  poles,  in  proportion  and  as  rapidly  as  they  are 
neutralized. 

The  two  wires,  that  come  from  the  poles,  may  also  be 
plunged  into  water,  wliich  has  been  rendered  saline  or  acidu- 
lated to  make  it  a  better  conductor.  In  this  case  the  sub- 
merged part  of  the  two  wires  must  be  either  of  gold  or  of 
plaimtmu  It  will  immediately  be  perceived  that,  through  the 
continued  neutralization  of  the  two  electricities  which  takes 
place  by  means  of  the  water,  the  latter  is  decomposed,  and  its 
two  constituent  gases  are  liberated,  the  one,  oxygen,  around 
the  wire  that  communicates  with  the  positive  pole ;  the  other, 
hydrogen,  around  the  wire,  that  communicates  with  the  nega- 
tWe  pole;  the  two  gases  are  constantly  in  the 
same  proportions  that  constitute  water,  namely, 
one  volume  of  oxygen  to  two  of  hydrogen.  In 
order  to  collect  them,  the  precaution  is  taken  of 
placing  above  each  of  the  wires,  which  penetrate 
Ulteriorly  into  the  vessel  containing  the  water, 
and  to  which  they  are  well  cemented,  a  tube, 
closed  above  and  containing  the  same  liquid  as  rv^  lo 
the  vessel  itself;  and  which  is  driven  out  by  the 
gas  in  proportion  as  it  ascends  (Fig.  18.). 

The  phenomena,  that  we  have  been  describing,  are  merely 
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ex^ples  of  the  varied  and  numerous  effects  that  are  produced 
by  the  voltaic  pile^  or^  rather^  that  arise  from  the  continuous 
reunion  of  the  two  electricities ;  for  the  pile  is  in  this  case  only 
a  convenient  and  powerful  means  of  obtaining  this  continuous 
reunion^  but  it  is  not  the  only  means.  These  examples  will 
suffice  for  the  present;  for  they  will  already  have  enabled  us 
to  discover^  in  the  effects  of  the  pile^  the  means  of  measuring 
its  power,  and  of  constructing  apparatus  which  have  been 
termed  Galvanometers^  or,  better  still,  VoUametera. 

Instruments  intended  for  msasuring  the  Power  of  the   Voltaic 
Pile,  or  Voltameters. 

The  first  Voltameter,  founded  upon  the  calorific  effects  of 
the  pile,  was  contrived  by  M.  Gaspard  de  la  Rive ;  it  consists 
of  a  fine  platinum  wire,  stretched  vertically,  the  two  ex- 
tremities of  which  terminate  at  pieces 
of  metal,  separated  from  each  other  by 
a  sufficiently  insulating  body,  such  as 
ivory  or  ebony  (Fig.  19.).  The  wire, 
at  its  lower  extremity,  is  secured  to  a 
needle,  movable  in  a  vertical  plane 
round  one  of  its  extremities,  while  the 
other  extremity  traverses  the  divisions 
of  a  graduated  circle.  The  point, 
where  the  wire  and  needle  are  united, 
is  very  near  its  centre  of  rotation; 
whence    it    follows   that  very   small  ^^'  ^^* 

variations  in  the  length  of  the  platinum  wire  make  the  needle 
traverse  comparatively  large  arcs  on  the  scale.  The  con- 
ductors from  the  poles  of  the  pile  are  put  into  commimication 
by  means  of  metal  pincers,  one  with  the  lower  and  the  other  with 
the  upper  part  of  the  wire.  The  latter  becomes  more  or  less 
heated  in  proportion  to  the  power  of  the  pile,  and  its  dilation 
is  appreciated  by  the  number  of  degrees  traversed  by  the 
needle  on  the  scale.  Platinum  wires  of  different  sizes  may  be 
adjusted  to  the  instrument  to  render  it  more  or  less  sensible : 
the  choice  of  these  wires  depends   upon   the  force   of  the 
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apparatus^  whose  power  is  by  these  means  to  be  appreciated. 
It  is  easy  to  determine  the  expansion  that  the  wire  has 
undergone^  and  consequently  the  approximate  temperature  to 
which  it  has  been  exposed,  by  means  of  the  sines  of  the  arcs 
that  have  been  traversed,  and  by  knowing  the  absolute  length 
of  the  wire. 

A  still  more  sensible  voltameter,  foimded  also  on  the  same 
principle,  is  that  in  which  the  platinum  wire,  that  is  to  serve 
as  the  channel  for  the  continuous  reunion  of 
the  two  electricities,  traverses  the  ball  of  an 
air  thermoscope,  in  such  a  manner  that  its 
two  extremities  come  outside,  and  thus  may 
each  be  placed  in  communication  with  one  of 
the  poles  of  the  pile  {Fig.  20.).  The  wire 
must  be  hermetically  sealed  to  the  glass  at 
the  two  points  where  it  traverses  the  ball. 
As  soon  as  it  is  heated  it  expands  the  air 
contained  in  the  ball, — an  effect  which  is  im- 
mediately made  manifest  by  the  rise  of  the 
thermoscopic  liquid.  There  are  often  in  the 
same  ball  two  different  and  independent  wires, 
the  one  finer  than  the  other;  so  that,  ac- 
cording to  the  force  of  the  electricity,  an  apparatus  of  greater 
or  less  sensibility  may  be  employed. 

Another,  which  is  no  less  sensible,  and  whose  indications  are 

more   comparable,   is   a   volta- 
meter that  I  described  even  be- 
fore the  preceding  one  had  been 
contrived.     It  consists  in  using 
the  helix  of  a  Breguet's  metallic 
thermometer,  instead  of  a  plati- 
num wire,  to  appreciate,  by  the 
calorific  effects,  the  energy  of  the 
dynamic   electricity  {Fig.  21.). 
Breguet's  helix  is  composed  of 
three  superposed  metallic  plates, 
so   narrow   and   so  thin  that  the  slightest  change  of  tem- 
I)erature  makes  it  twist  and  untwist  by  means  of  the  unequal 
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dilatability  of  the  three  metals^  platinum^  goldy  and  silvery  of 
which  it  is  formed.  The  helix  is  fixed  by  its  upper  extremity 
to  a  metal  support^  which  is  placed  in  communication  with  one 
of  the  poles  of  the  pile.  To  its  lower  extremity,  which  is 
free,  is  soldered  a  small  vertical  platinum  wire,  that  is  lightly 
plunged  into  a  capsule  filled  with  mercury,  into  which  the 
other  pole  enters  by  means  of  a  wire.  This  same  free  ex- 
tremity carries  the  horizontal  needle,  which,  by  the  number  of 
degrees  it  traverses  on  a  circular  division,  indicates  the  ele- 
vation of  temperature  that  the  helix  has  undergone. 

These  are  the  three  principal  forms  that  have  been  given  to 
calorific  galvanometers,  or  rather  voltameters^  which,  as  their 
name  indicates,  are  founded  on  the  efiects  of  the  heat  to  which 
the  electricity  produced  by  the  pile  may  give  rise. 

Voltameters  that  are  founded  upon  the  chemical  efiects, 
have  for  their  basis  the  exact  measure  of  the  quantity  of  gas 
liberated  during  a  given  time  (one  minute,  for  example) 
in  the  decomposition  of  water;  or,  which  is  still  better, 
the  appreciation  of  the  time  necessary  to  liberate  a  given 
quantity  of  gas.  It  is  hence  necessary  that  these  gases  be 
collected  with  care,  no  portion  being  allowed  to  escape,  and 
their  volume  being  accurately  estimated,  taking  into  the 
account  the  atmospheric  pressure  and  temperature.  This  is 
not  all :  the  quantity  of  gas  liberated  in  a  given  time,  in  the 
decomposition  of  water,  depends  not  only  upon  the  force  of 
the  pile  employed,  but  also  on  the  degree  of  purity  of  the 
water  subjected  to  experiment,  and  on  the  nature  and  size 
of  the  wires  that  are  immersed  in  it,  in  order  to  place  it  in 
commimication  with  the  poles  of  the  apparatus,  and  also  on 
the  distance  which  separates  these  wires  or  plates ;  so  that, 
in  order  that  experiments  may  be  comparable,  it  is  neces- 
sary to  employ  throughout  the  same  apparatus  or  apparatus 
perfectly  similar.  With  regard  to  the  water,  distilled  water 
is  selected,  to  which  has  been  added  a  certain  portion  of 
very  pure  sulphuric  acid,  in  order  to  render  it  sufficiently 
conductible; — about  y^yth  in  volume,  or  y\yth  in  weight,  is 
employed.  By  means  of  an  areometer  it  is  easy  to  have 
water  always  acidulated  to  the  same  degree.  The  metal 
employed  is  always  platinum,  either  in  wires  or  in  plates. 


Digitized  by 


Google 


CHAP.  IV. 


VOLTAIC   PILE   AND   VOLTAMETERS. 


35 


These  wires  are  placed  vertically  in  a  glass^  and  near  to  each 
other ;  their  lower  extremity  comes  out  at  the  bottom  of  the 
vessel^  so  that  a  communication  may  be  esta- 
blished between  them  and  the  poles  of  the  pile. 
The  gases  are  collected,  either  in  two  tubes 
(^Fig.  18.),  or  in  a  single  one  placed  equally 


Fig,  22.  Fig,  23. 

over  both  wires  {Fig.  22.).  The  tubes  must  be  carefully 
graduated.  The  gases  are  also  collected 
in  graduated  test  tubes,  placed  on  the 
pneumatic  trough,  and  beneath  the  vol- 
tameter {Fig.  23.).  When,  on  the  con- 
trary, the  liberation  of  gas  is  very  feeble, 
the  gases  are  measured  by  the  displace- 
ment they  produce  upon  the  liquid.  With 
this  view,  there  comes  from  the  lower 
part  of  the  vessel,  wherein  the  decompo- 
sition is  carried  on,  a  lateral  tube  in  which 
the  liquid  that  is  driven  out  by  the  gas 
ascends,  and  is  itself  lodged  in  the  upper 
part,  which  is  hermetically  sealed  (i^i^.  24.). 
With  this  apparatus  it  is  necessary  to 
take  into  account  the  influence  which  the 
pressure,  exercised  by  the  column  of  liquid 
raised  in  the  lateral  tube,  may  have  upon 
the  volume  of  the  gas. 

All  these  voltameters,  both  the  chemical 
Fig,  24.  and  the  calorific,  are  far  from  being  perfect 
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instruments :  for  tliere  is  nothing  to  prove  that  their  indications 
are  exactly  proportional  to  the  intensity  of  the  cause  which 
they  are  intended  to  measure ;  and,  moreover,  these  indica- 
tions themselves  are  often  variahle  by  reason  of  circumstances 
of  various  kinds,  which  we  shall  be  called  upon  to  study  and 
to  appreciate  hereafter. 

We  may  add,  that  there  is  one  galvanometer,  the  most 
perfect  of  all,  which  we  have  not  mentioned,  because  we  shall 
have  occasion*  to  devote  ourselves  to  it  in  a  very  special 
manner  in  the  Third  Part  of  this  work :  it  is  the  one  founded 
upon  the  property  possessed  by  every  conductor  that  is  tra- 
versed by  an  electric  current, — to  deflect  a  magnetic  needle 
from  its  natural  direction  of  North  and  South,  when  it  is 
placed  parallel,  either  above  or  below  the  needle.  This  in- 
Istrument  has  received  the  name  of  magnetic  galvanometer  or 
miuUiplier. 

I 

Different  Forms  given  to  the  Voltaic  Pile. 

The  form  of  a  column,  which  Volta  gave  to  his  apparatus, 
was  soon  abandoned;  it  had  many  inconveniences,  without 
reckoning  the  very  long  time  that  must  needs  be  devoted  to 
putting  the  apparatus  together,  whenever  it  was  required  to  be 
used.  The  principal  inconvenience  was  the  rapid  drying  up 
of  the  pieces  of  moistened  cloth  or  pasteboard,  whence  arose  a 
great  diminution  in  the  power  of  the  pile. 

To  remedy  this,  it  was  proposed  to  substitute  for  these 
discs  a  bed  of  liquid,  which  necessarily  required  that  what 
was  a  vertical  pile  must  be  rendered  horizontal,  and  that  each 
pair  should  then  be  composed,  not  of  two  circular  discs,  but 
of  two  rectangular  plates  in  contact,  and  should  be  cemented 

-^ one  after  the  other  in  the  grooves 

\^^^^^^^j-N   of  a  wooden  trough,  so  as  to  leave 

^  .^  between   them   vacant   spaces  or 

^^gg^^^^^C^'       cells,  to  be  filled  with  liquid  {Fig. 

^  ^  25.).   It  is  essential  that  caution  be 

'^'  ^  '  taken  that  the  plates  are  carefully 

cemented  against  the  sides  of  the  trough,  that  there  may  be 
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no  communication  between  the  liquid  of  one  cell  and  that  of 
the  following.  This  mode  of  construction,  which  was  first 
pointed  out  hj  Cruikshanks,  was  adopted  in  establishing  the 
great  voltaic  pile  that  was  given  to  the  Polytechnic  School 
by  the  Emperor  Napoleon,  and  with  which  MM.  Gay  Lussac 
and  Th^nard  made  their  experiments  in  1808. 

This  form  possessed,  however,  several  of  the  inconveniences 
of  the  primitive  form,  especially  that  of  requiring  a  long  time 
to  fit  up  the  apparatus;  and  of  allowing  a  communication 
between  the  liquid  of  the  cells,  when  the  plates  were  not 
well  cemented,  which  notably  diminished  the  electrical  effects. 
A  return  was  then  made  to  a  form  that  Volta  had  previously 
pointed  out,  in  constructing  his  pile  called  Couronne  de  Tassesy 
— a  pile  in  which  the  liquids  are  placed  in  vessels  independent 
of  the  metal  plates,  and  the  sides  of  which,  of  glass,  porcelain, 
or  pipe-clay,  allow  them  to  be  placed  one  after  the  other,  and 
even  in  contact,  without  there  arising  any  communication 
between  the  liquid  strata  contained  in  thenu  With  this  view, 
either  a  series  of  ordinary  cylindrical  glasses  are  employed,  as 
in  the  couronne  de  tasses  pile,  or  a  porcel^  trough,  divided 
off,  by  partitions  made  with  the  trough,  into  a  certain  number 
of  cells  (generally  ten),  in  equal  and  successive  compartments 
of  a  rectangular  form,  into  each  of  which  the  liquid  is  poured, 
care  being  taken  not  to  fill  them  completely.  The  liquids  are 
thus  totally  insulated. from  each  other.  With  regard  to  the 
metal  plates,  as  it  was  very  quickly  perceived  that  it  was  not 
necessary  for  the  zinc  and  copper  to  be  in  contact  throughout 
their  surface,  but  that  it  sufficed  them  to  be  so  in  certain 


Fig.  26. 
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Fig,  27. 


points  only,  this  enabled  us  to  plunge  into  the  liquid  of  each 
compartment  a  2dnc  and  a  copper  plate,  and  to  make  a  com- 
munication by  means  of  a  small  plate  of  copper  in  the  form  of 
an  arc,  between  the  zinc  of  one  compartment  and  the  copper 
of  the  following  one,  and  so  on.  This  is  done  in  the  couronne 
de  tasses  {Fig.  26.).  By  this  method  the  liquid  stratum,  as  in 
the  primitiye  pile,  occurs  between  the  zinc,  on  the  one  hand, 
and  the  copper  on  the  other ;  and  the  zinc  and  copper  that 
are  plunged  in  the  same  liquid  are  never  in  metallic  contact, 

which  is  as  it  ought  to  be.  But, 
to  facilitate  operations,  care  is 
taken  in  the  trough  piles  (Fig. 
27.)  to  fix  the  pairs,  which  are 
the  same  in  number  as  the  com- 
partments of  the  trough  (eight, 
for  example),  to  a  rod  of  glass 
or  varnished  wood:  they  are 
held  there  by  means  of  the  copper 
arc,  which  forms  the  means  of 
communication  between  the  metals  of  the  pair.  The  metal 
plates  must  be  arranged  one  after  the  other  in  the  proper 
order,  and  at  such  distances  that,  by  holding  in  the  hands  the 
two  ends  of  the  rod  to  which  they  are  fixed,  they  may  be 
plunged  all  together  into  their  respective  troughs,  and  so  that 
each  occupies  the  place  prescribed  for  it ;  namely,  that  there 
shall  be  foimd  in  the  same  liquid  only  the  zinc  of  the  preceding 
couple,  and  the  copper  of  the  following  one,  or  reciprocally. 
'  In  the  pile  we  have  been  describing,  each  trough  contains 
ten  compartments,  and  consequently  ten  pairs ;  but  several  of 
these  troughs  may  be  placed  one  after  the  other,  care  being 
taken  that  the  zinc  of  the  pair  whose  copper  is  plunged  in  the 
last  compartment  of  one  trough  shall  itself  be  placed  in  the 
first  compartment  of  the  following  trough,  and  so  on.  The 
Royal  Institution  of  London,  the  laboratory  of  which  has  been 
the  scene  of  the  brilliant  labours  of  Davy  and  Faraday, 
possessed  a  pile  constructed  according  to  the  method  we  have 
just  described,  and  composed  of  2000  pairs.  It  was  with  this 
pile  that  Davy  made  his  splendid  experiments,  and  especially 
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the  one  of  the  luminous  arc,  that  escapes  between  two  charcoal 
points  placed  very  near  together,  and  each  communicating 
with  one  of  the  poles  of  the  pile. 

Wollaston  found  that  the  eflFect  of  this  pile  was  augmented 
if  a  greater  surface  was  given  to  the  copper  than  to  the  zinc  ; 
a  modification  that  is  easily  introduced,  without  making  any 
change  in  the  form  of  the  apparatus  or  in  the  size  of  the  celb, 
by  enveloping  the  zinc  plate  of  each  pair  with  the  copper  plate 
of  the  preceding  one,  at  the  same  time  taking  great  care  to 
avoid  all  metallic  contact  between  these  two  plates  {Fig.  28.). 


Fig,  28. 

In  this  manner  the  copper  plate  has  a  surface  double  that  of 
the  zinc  plate.  Berzelius  suggested  making  use  of  the  copper 
itself,  by  which  the  zinc  is  enveloped,  without  being  touched, 
as  a  cell  or  vessel  for  containing  the  liquid  {Fig,  29.).      This 


Fig.  29. 


arrangement   possessed   great   advantages  in  increasing  the 
power  of  the  pile ;  but,  in  manipulation,  it  presented  many 
inconveniences,  which  prevented  its  being  generally  adopted. 
Two  forms  of  the  pile,  that  have  been  long  in  use,  are  those 


D    4 


Digitized  by 


Google 


40 


PRELIMINARY   NOTIONS. 


Fig.  30. 


Fig,  31. 


of  the  helix  {Fig.  30.)  and  the  concentric  cylinder  {Fig.  31.). 
The  former  was  employed  by  Dr.  Hare ;  the  latter  by  M. 
Pouillet,  in  the  construction  of  the  great  pile  of  the  Faculty  of 
Sciences  at  Paris.  The  zinc  and  copper,  when  wound  into  a 
helix  or  arranged  in  concentric  cylinders,  are  plimged  into  a 
glass  vessel,  and  must  have  no  contact  one  with  the  other;  but 
tiiie  helix  or  cylinders  of  zinc  of  the  one  vessel  are  in  metal]ic 
communication  with  the  helix  or  cylinders  of  copper  of  the 
following  one,  and  so  on.  By  this  arrangement  a  great  surface 
may  be  given  to  the  two  metals  of  each  pair,  without  there 
being  the  necessity  of  having  very  large  troughs.  The  employ- 
ment of  cylindrical  vessels  possesses  a  fiirther  advantage,  on 
account  of  the  facility  with  which  they  may  be  procured. 

With  regard  to  the  liquid  conductor,  experiment  had  shown 
that  the  best  one  to  be  employed  in  charging  the  pile  we  have 
described  above  was  a  mixture  of  water  with  ^^^th  in  volume 
of  sulphuric  acid,  and  ^\yth  of  nitric  acid. 

DameWsy  Grove\  and  BumevCa  Constant  Piles. 

The  piles  that  we  have  been  describing,  and  which  were 
for  a  long  time  exclusively  used,  all  possess  one  inconvenience, 
which  is,  that  after  a  short  time  they  lose  their  power ;  and, 
in  general,  their  force  is  very  variable  during  the  progress  of 
the  same  experiment,  even  when  the  duration  does  not  exceed 
ten  or  fifteen  minutes.     This  gradual,  and,  in  the  majority  of 
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cases,  rapid,  diminution  is  due  to  several  causes,  the  principal 
of  which  is  that  the  liquid,  placed  between  the  pairs,  is 
decomposed  when  the  poles  of  the  piles  are  connected  by  a 
conductor,  in  the  same  manner  as  the  liquid  is  decomposed 
that  is  interposed  between  the  poles  themselves;  it  hence 
results  that  the  copper  of  each  pair  is  covered  with  hydrogen, 
and  even  with  oxide  of  zinc,  arising  from  the  decomposition  of 
the  water,  and  from  that  of  the  sulphate  of  zinc,  which  is 
constantly  formed  from  the  action  of  the  sulphuric  acid  upon 
the  zinc.  This  deposit,  by  altering  the  surface  of  the  copper, 
and  rendering  it  almost  similar  to  that  of  the  zinc,  which  latter, 
on  its  own  part,  is  very  rapidly  oxidized,  destroys  in  great 
part  one  of  the  conditions  essential  in  the  construction  of  a 
pile,  the  heterogeneity  of  the  two  metals ;  and,  consequently, 
very  notably  reduces  its  power.  Hence  it  was  necessary  to 
clean  the  plates  of  a  pile  every  time  it  was  used,  before  putting 
it  into  action  again. 

In  1836,  Daniell,  in  order  to  avoid  the  inconvenience  that 
we  have  just  pointed  out,  conceived  the  idea  of  plunging  the 
copp<er  of  each  pair  into  a  different  liquid  from  that  in  which 
the  zinc  was  plunged :  he  placed  the  former  of  these  metals 
in  a  solution  of  sulphate  of  copper,  and  the  latter  into  a 
diluted  solution  of  water  and  sulphuric  acid,  or  into  a  solution 
of  sea-salt  The  difficulty  was  to  separate  these  two  liquids 
by  a  substance  which,  while  preventing  the  mixture,  should 
not  alter  the  conductibility  of  the  heterogeneous  liquid  con- 
ductor interposed  between  the  plates  of  the  pairs.  A  metal 
diaphragm  could  not  be  thought  of,  for  this  would  have 
violated  one  of  the  fruidamental  conditions  of  the  construction 
of  the  pile,  which  requires  that  there  should  be  a  conductor 
totally  moist  between  the  pairs.  Daniell  had  recourse  to  an 
organic  substance,  according  to  the  method  which  Becqu^rel 
had  first  pointed  out ;  and  he  made  some  diaphragms  with 
bladder,  with  stout  paper,  with  very  thin  wood,  or  with  very 
closely  woven  linen  cloth.  Experience  has  given  the  pre- 
ference to  diaphragms  of  thin  wood,  lime-tree  wood,  for  ex- 
ample, as  well  as  to  those  of  bladder,  only  care  must  be  taken 
to  preserve  them  from  flaws,  or  in  general  from  all  solution 
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of  continuity.  With  this  in  view,  it  is  necessary  to  keep  the 
wooden  diaphragms  constantly  in  water  when  they  are  not  in 
use,  and  to  place  those  made  of  bladder  under  protection  from 
the  attacks  of  insects,  and  from  the  contact  of  every  foreign 
body.  The  difficulty  experienced  in  taking  these  precautions 
has  induced  several  philosophers  to  adopt,  as  indeed  Daniell 
himself  did,  diaphragms  of  unglazed  porous  earth ;  but  the 
pile  loses  much  of  its  power,  especially  for  calorific  and  che- 
mical effects.  Daniell  gave  the  cylindrical  form  to  the  pairs 
of  his  pile,  on  account  of  the  greater  facility  there  is  of  pro- 
curing diaphragms  of  this  form.  In  his  pile  {Fig.  32.)  a  hollow 


JV.  32. 

copper  cylinder  is  plunged  into  a  glass  vessel  filled  with  a 
solution  of  sulphate  of  copper ;  in  the  interior  of  the  cylinder 
is  placed  either  a  bag  made  of  bladder,  or  a  wooden  tube,  or 
a  hollow  cylinder  of  porous  earth,  which  is  filled  with  either 
acidulated  or  saline  water ;  finally,  in  this  water  is  plunged 
a  zinc  cylinder,  which  is  in  metallic  communication  with  the 
copper  of  the  succeeding  pairs  by  means  of  a  little  cup  filled 
with  mercury,  into  which  dip  two  pieces  of  copper,  attached 
the  one  to  the  zinc,  the  other  to  the  copper.  The  zinc 
cylinder  may  be  solid  or  hollow:  in  the  latter  case  it  is 
simply  a  sheet  of  zinc  rolled  into  a  cylindrical  form.  This 
latter  mode  is  preferable,  because  the  zinc  is  found  to  have 
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more  points  of  contact  with  the  liquid ;  but  it  is  consumed 
more  rapidly. 

Another  great  amelioration  introduced  into  Darnell's  pile, 
as  well  as  into  those  of  which  we  shall  speak  hereafter,  consists 
in  amalgamating  the  zinc,  that  is,  in  covering  it  with  a  coat  of 
mercury,  which  is  easily  done  by  pouring  mercury  upon  the 
zinc,  and,  at  the  same  time,  sulphuric  acid  diluted  with  about 
twenty  times  its  volume  of  water,  in  order  that  the  surface  of 
the  zinc  may  be  well  oxidized,  and  su£Sciently  clean  that 
the  mercury  may  adhere  to  it  The  advantage  of  this 
operation,  which  was  suggested  by  an  English  philosoi^er, 
Mr.  Kemp,  is,  that,  without  in  any  way  changing  the  effect  of 
the  zinc  in  the  production  of  electricity  by  the  pile,  it  is 
prevented  being  attacked;  and  it  consequently  does  not  dissolve 
in  pure  loss  in  the  acidulated  water  when  the  pile  is  not  in 
action;  that  is  to  say,  when  its  poles  are  not  united  by  a 
conductor.  But  as  soon  as  this  union  takes  place,  the  zinc 
is  attacked,  notwithstanding  the  merciury  willi  which  it  is 
covered;  only  the  oxide  that  is  formed  does  not  remain 
adhering  to  the  surface,  which  always  continues  brilliant  and 
metallic:  a  circumstance  in  other  respects  eminently  ad- 
vantageous, for  the  film  of  oxide  that  covers  the  zinc  plates 
when  they  are  not  amalgamated  contributes  notably  to  the 
weakening  of  the  pile.  With  regard  to  the  copper,  as  it  is 
plunged  in  sulphate  of  copper,  it  becomes  covered  with 
metallic  copper  by  the  decomposition  of  the  sulphate  whilst 
the  pile  is  in  action :  its  surface  is  therefore  not  altered. 

It  may  be  conceived  that  the  power  of  Darnell's  pile  is 
constant,  at  least  for  a  moderate  length  of  time ;  but  it  must 
follow  that,  at  the  end  of  an  hour  or  two,  the  solutions  are  ex- 
hausted, and  they  must  be  renewed :  they  also  finish  by  mixing 
one  with  the  other,  and  more  or  less  rapidly,  according  to  the 
nature  of  the  diaphragm.  It  is  then  ne<^ssary,  not  only  to 
change  them  entirely,  but  to  wash  the  diaphragms  carefiilly 
and  to  clean  the  surfaces  of  the  metals.  It  is  preferable  not  to 
wait  for  this  mixing  to  take  place  before  taking  the  pile  to 
pieces  and  renewing  the  liquids. 

A  second  constant  pile,  and  one  in  which  two  different 
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liquids  are  also  employed^  is  that  of  Grove.  In  this  pile  the 
zinc  is  amalgamated^  as  in  the  preceding  one^  and  is  plunged 
into  sulphuric  acid  diluted  with  10  or  20  times  its  volume  of 
water.  The  other  metal  is  platinum  and  not  copper,  and  is 
plunged  into  nitric  acid,  either  pure  of  40**  or  diluted  with 
half  its  volume  of  water,  or  mixed  with  one  fourth  concentrated 
sulphuric  acid.  The  diaphragm  by  which  the  two  liquids 
are  separated  is  not  in  this  case  of  an  organic  nature ;  for  it 
would  be  immediately  destroyed  by  the  action  of  the  nitric 
acid :  it  is  of  unglazed  porcelain  or  pipe-clay :  in  this  state 
these  substances  have  the  advantage  of  being  sufficiently 
porous  to  permit  communication  between  the  liquids,  at  the 
same  time  of  entirely  preventing  their  mixture. 

In  Grove's  pile  {Fig*  33.)  the  pairs  are  not  generally  of  a 
cylindrical  form,  although  some  have  been  constructed  of  this 
form:  they  are  plates  of  zinc  and 
platinum  plunged  into  cells  of  glazed 
porcelain  or  glass.  Each  cell  contains 
dilute  sulphuric  acid,  in  which  the 
zinc  is  immersed,  and  a  small  cell  of 
porous  earth  filled  within  with  nitric 
acid.  In  this  acid  is  placed  the  pla- 
tinum plate  in  metallic  contact  with 
the  zinc  of  the  succeeding  or  following 
cell.  This  contact  is  established  between 
the  two  edges  of  the  zinc  and  platinum 
plates,  which  are  carefully  cleaned,  by 
^'  ^^'  means  of  pincers  either  of  metal  or 

simply  of  wood.  Experiment  has  shown  that  the  power  of 
these  piles  is  much  increased  by  giving  to  the  zinc  plates  a 
very  large  surface  in  respect  to  the  platinum  plates.  With 
this  view  they  are  bent  so  that  they  form  in  each  cell  two 
vertical  and  parallel  surfaces  united  by  a  lower  and  horizontal 
surface  which  is  much  smaller:  the  porous  trough  that 
contains  the  nitric  acid  and  the  platinum  plate  is  placed  in 
the  interval  that  is  left  between  the  two  parallel  surfaces. 

When  Grove's  pile  is  in  action — that  is,  when  its  poles  are 
united, — the  hydrogen,  arising  from  the  decomposition  of  the 
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acidulated  water  in  which  the  metals  of  the  pairs  are  plunged, 
is  not  developed  upon  the  platinum,  but  changes  the  nitric 
acid  into  nitrous  acid :  the  oxide  of  zinc  remains,  as  before, 
in  the  liquid,  where  the  zinc  itself  is,  and  does  not  penetrate 
through  the  porous  partition  to  the  platinum.  The  latter 
then  retains  a  perfectly  clean  surface ;  and  it  is  this  circum- 
stance which  contributes  essentially  to  this  pile's  maintaining 
for  a  greater  or  less  length  of  time,  according  to  the  use  that 
is  made  of  it,  that  power  which  is  at  once  so  constant  and 
so  energetic,  and  which  renders  it  so  valuable  in  practice. 
The  nitric  acid,  however,  as  it  changes  into  nitrous  acid  by  the 
action  of  the  hydrogen,  passes  into  reddish  brown,  and  then 
into  green,  and  finishes  by  acquiring  a  temperature  so  elevated 
that  it  enters  into  ebullition :  in  this  case  it  is  necessary  imme- 
diately to  arrest  the  action  of  the  pile. 

Bunsen's  pile  differs  from  Grove's  only  in  that  carbon  sup- 
plies the  place  of  platinum.  This  substitution  arose  essentially 
from  the  high  price  of  platinum,  which,  on  this  account,  is 
used  in  sheets  so  thin  that  they  are  frequently  torn.  Bunsen's 
pile  has  the  cylindrical  form  of  Daniell's ;  in  fact,  if,  in  the  latter, 
a  hollow  cylinder  of  carbon  is  put  in  place  of  the  hollow 
copper  cylinder,  and  pure  or  diluted  nitric  acid  in  place  of 
solution  of  sulphate  of  copper,  and  a  cylinder  of  porous  earth 
in  place  of  the  porous  cylinder  of  organic  matter  in  which  are 
contained  the  diluted  sulphuric  acid  and  the  cylinder  of  amal- 
gamated zinc,  we  obtain  Bunsen's  pile  {Fig.  34.).  Each  carbon 
cylinder  carries  at  its  upper  part  a  collar  of  copper,  frimished 
with  an  appendix,  which  is  placed  in  contact,  by  means  of 
pincers,  with  a  similar  appendix  carried  by  each  zinc  cylinder ; 
care,  however,  must  be  taken  that  the  carbon  cylinder  is  suffi- 
ciently high,  that  the  part  which  carries  the  copper  ring  shall 
rise  above  the  glass  vessel,  and  consequently  shall  in  no  way  be 
in  contact  with  the  nitric  acid.  However,  as  the  charcoal  is 
very  porous,  the  capillarity  causes  the  acid  finally  to  attain  to 
the  top  of  the  cylinder,  and  to  alter  interiorly  the  copper  ring. 
Therefore,  every  time  this  pile  is  used,  it  is  necessary  to  move 
these  rings  and  wash  and  carefully  clean  them. 

A  more  convenient  arrangement, — inasmuch  as  it  is  free 
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Fig.  34. 


from  the  kind  of  inconvenience  that  we  have  just  pointed  out,  — 
is  that  which  was  contrived  by  M.  Bonijol  {Fig.  35.).     This 


Fig.  35. 

skilful  artist  employs,  instead  of  hollow  cylinders,  solid  cy- 
linders of  carbon,  in  the  top  of  which  is  thrust  a  stout  copper 
rod,  bent  so  as  to  be  put  into  communication,  by  means  of 
a  cup  filled  with  mercury,  with  a  similar  rod  soldered  to 
each  zinc.  The  top  of  the  carbon  cylinder  around  the  place 
in  which  the  copper  rod  is  inserted  is  covered  with  a  coating 
made  of  wax,  prepared  so  as  to  penetrate  to  a  sufficient  depth 
into  the  pores  of  the  portion  of  the  carbon  which  it  covers  and 
to  which  it  adheres  strongly.  The  consequence  of  this  is,  that 
the  nitric  acid  cannot  ascend  as  far  as  the  copper  rod.     It  is 
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evident  that  in  this  pile  the  amalgamated  zinc  is  outside  the 
carbon :  it  is  a  hollow  cylinder  plunged  into  the  glass  vessel 
that  is  filled  with  diluted  sulphuric  acid :  the  porous  tube  is 
placed  in  the  interior  of  the  zinc  cylinder^  and  itself  receives 
the  carbon  and  the  nitric  acid  into  which  the  latter  must  be 
plunged. 

The  preparation  of  the  carbon  is  difficult  when  hollow 
cylinders,  such  as  in  Bunsen's  pile,  are  in  question.  For  this 
purpose,  it  is  necessary  to  have  iron  moulds,  and  then  coke 
in  fine  powder,  which  is  brought  by  one  or  two  operations  to 
a  high  temperature  after  having  been  mixed  with  sugar  or 
molasses  to  cause  a  cohesion^  that  gives  consistence  to  the 
whole.  In  Bonijol's  pile  the  cylinders  may  be  prepared  of 
carbon  in  the  same  manner,  which  is  the  easier,  as  they  are 
solid.  But  it  is  a  much  more  simple  plan  to  procure  pieces  of 
well-baked  coke  of  good  quality  and  of  sufficient  dimensions. 
They  are  cut,  as  well  as  may  be,  into  the  form  of  cylinders^ 
without,  in  truth,  its  being  possible  to  give  them  exactly  this 
form,  which,  however,  is  of  little  importance. 

M.  Deloeil  is  at  the  present  moment  constructing  in  Paris 
piles  of  this  kind,  in  which  the  carbon  is  perfectly  cylindrical, 
and  has  been  prepared  according  to  the  process  mentioned.  A 
very  simple  arrangement  enables  us  beforehand  to  establish  a 
contact  between  the  carbon  or  zinc  of  each  pair ;  and  to  at- 
tach the  pairs  themselves  upon  fixed  frames  in  such  a  manner 
that,  in  order  to  put  the  pile  in  action,  it  is  only  necessary  to 
raise  a  wooden  table  that  sustains  the]  vessels  filled  with  their 
liquids,  and  into  which  the  carbon  and  the  zinc  are  to  be 
plunged,  each  in  that  which  appertains  to  it 

Such  are  the  difierent  kinds  of  piles  that  are  generally 
used,  and  all  of  which  are  more  or  less  to  be  found  in 
physical  cabinets  and  in  chemical  laboratories.  There  are, 
however,  some  others  that  are  used  only  in  certain  practical 
applications,  and  of  which  we  shall  speak  again,  when  we  are 
engaged  in  these  applications. 

We  will  not  occupy  ourselves  fiurther  at  present  with  certain 
voltaic  combinations,  which  have  a  purely  theoretical  interest^ 
and  the  description  of  which  will  find  its  place  when  we  are 
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treating  upon  the  theory  of  the  pile.  However,  we  will 
mention  here,  as  it  is  very  generally  used,  Smee's  pile,  the 
pairs  of  which  consist  of  amalgamated  zinc  and  plates  of  pla^ 
tinised  silver,  namely,  silver  covered  with  a  coating  of  the 
black  powder  of  platinum,  plunged  into  one  and  the  same 
liquid,  diluted  sulphuric  acid,  and  which,  notwithstanding, 
preserve  a  remarkable  constancy. 

Enumeration  of  the  different  Voltaic  PileSy  and  the  general 
Consideration  that  is  common  to  them  aJL 

To  sum  up,  the  voltaic  piles  that  we  have  described 
are:  — 

1.  Yolta's  column  pile,  celebrated  because  it  was  the  first, 
and  because  it  represents  the  form  under  which  its  illustrious 
inventor  realised  his  idea ; 

2.  The  wooden  trough  pile  with  fixed  metal  pairs, — the 
form  under  which  was  constructed  the  great  pile  given  in 
1806  to  the  Polytechnic  School  by  the  Emperor  Napoleon; 

3.  The  pile,  with  independent  cells  of  glass  or  porcelain 
and  movable  metal  pairs, —  the  form  under  which  the  pile  of 
2000  pairs  belonging  to  the  Royal  Institution  of  London  was 
constructed,  and  which  was  used  by  Davy  in  mn-king  the 
great  discoveries  that  have  immortalised  his  name ; 

4.  Berzelius's  pile,  with  copper  cells,  which  was  of  es- 
sential service  in  the  first  experiments  upon  electro-mag- 
netism ; 

5.  Daniell's  constant  pile,  with  porous  organic  diaphragms, 
and  two  liquids,  sulphate  of  copper  for  the  copper,  and 
acidulated  or  salt  water  for  the  zinc,  a  form  eminently  useftd 
in  experiments  of  long  duration,  and  in  particular  those  in 
which  the  study  of  the  chemical  efiects  of  the  current  is 
concerned. 

6.  Grove's  constant  pile,  in  which,  as  in  that  of  Daniell, 
two  liquids  and  a  diaphragm  are  employed,  with  this  dif- 
ference, that  platinum  supplies  the  place  of  the  copper,  and 
nitric  acid  the  place  of  sulphate  of  copper;  and  the  porous 
diaphragm  is  of  unglazed  not  glazed  earthenware ; — a  pile,  tlie 


Digitized  by 


Google 


CHAP.IY.  VOLTAIC   PILE  Am>  VOLTAHETEBS.  49 

best  suited  of  all  for  the  production  of  the  effects  of  the 
electric  current^  on  account  of  its  cDormous  powers,  united 
with  a  constancy,  which,  although  less  than  in  Darnell's  pile, 
is  sufficient  in  the  majority  of  cases,  and  especially  in  public 
lecturing. 

7.  Bunsen's  constant  pile,  which  is  only  a  modification  of 
Grove's  by  the  substitution  of  carbon  for  platinum;  it  is 
constant  for  a  longer  time,  but  is  less  energetic  in  its  effects 
than  Grove's.  It  is  also  very  much  used,  especially  in 
-Germany,  and  it  is  found,  as  well  as  Daniell's,  both  in  the 
workshop  of  the  artizan  and  in  the  cabinet  of  the  savant 
and  the  professor.  Bonijol's  pile  and  Deloeil's  differ  from 
Bunsen's  only  in  the  form  and  place  given  to  the  carbon. 

This  is  the  place  to  offer  a  general  remark,  which  is  common 
to  all  piles ;  and  the  importance  of  which  will  not  escape  those 
who  employ  these  apparatus.  It  is  to  know  accurately  what 
determines  in  each  of  them  the  place  of  the  positive  pole  and 
that  of  the  negative.  The  employment  of  certain  faulty  de- 
nominations, joined  to  prejudices  arising  from  certain  theories, 
have  cast  upon  this  point,  so  simple  in  itself  and  so  essential, 
an  obscurity  which  ought  not  to  exist,  and  which  it  is  in- 
dispensable that  we  should  dissipate. 

There  enter  into  the  construction  of  all  the  piles  of  which 
we  have  spoken  (which  contaui  one  or  two  liquid  conductors), 
two  solids  of  a  different  nature,  the  one  more  oxidisable  than 
the  other,  almost  always  the  zinc ;  the  other  less  oxidisable, 
the  copper,  the  platinum,  the  carbon.  These  solid  bodies, 
which,  for  greater  fecility  in  explanation,  we  wiU  suppose  to  be 
zinc  and  copper,  are  connected  together  two  and  two,  so  as 
to  form  pairs,  which  follow  each  other,  and  are  separated  from 
each  other  by  the  one  or  by  the  two  liquids.  Care  is  always 
taken  to  place  the  two  solid  bodies  of  the  pair  in  the  same 
order,  so  that,  for  example,  in  each  pair  every  zinc  is  above 
the  copper,  if  the  pile  is  a  column,  or  on  the  right  of  every 
copper  if  the  pile  is  horizontal.  The  inverse  order  may 
equally  occur ;  but  it  is  necessary  that  the  rank,  whatever  it 
may  be,  occupied  by  the  two  metals  in  respect  of  each  other 
remain  the  same  in  all  the  pairs.     It  follows  from  this,  that 
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in  horizontal  piles^  which  ore  the  only  kind  now  used,  each 
cell  contains^  besides  the  liquid,  the  two  solid  bodies  of  a 
different  nature,  and  never  those  of  the  same  kind.  With 
regard  to  the  two  extreme  cells,  one  of  them  contains,  besides 
the  copper  of  the  pair  whose  zinc  is  plunged  in  the  preceding 
cell,  a  zinc  to  which  a  conductor  is  soldered;  the  other 
contains,  besides  the  zinc  of  the  pair  whose  copper  is  plunged 
in  the  cell  that  follows  it,  a^  copper,  to  which  a  conductor  is 
also  soldered.  It  is  these  two  conductors  that  carry  away 
the  two  electricities  produced  by  the  apparatus  and  accumu- 
lated at  the  two  extremities  or  poles,  and  which  are  called  the 
electrodes  of  the  pile ;  one  the  positive,  the  other  the  negative 
electrode* 

In  the  column  pile  the  extreme  zinc  is  also  in  contact  with 
a  copper,  which  is  itself  not  in  communication  with  any 
conducting  liquid,  and  the  extreme  copper  with  a  zinc  that  is 
in  the  same  condition ;  but  in  the  horizontal  pile  this  copper 
and  zinc  are  suppressed,  as  experience  has  shown  them  to  be 
of  no  utility.  This  suppression  does  not,  in  the  least,  change 
the  nature  of  the  poles ;  so  that  whilst,  in  the  column  pile,  a 
plate  of  copper  is  the  negative  pole  and  a  plate  of  zinc  the 
positive,  in  the  horizontal  piles  the  negative  pole  is  found  at 
the  last  zinc,  and  the  positive  at  the  last  copper.  From  this 
circumstance  some  confusion  has  often  arisen^  especially  when, 
instead  of  employing  the  words  positive  and  negative,  we  have 
wished  to  designate  the  poles  by  the  names  of  the  metals,  as 
the  zinc  pole  and  the  capper  pole.  The  nature  of  the  electri- 
city that  is  accumulated,  must  not  be  associated  with  the 
nature  of  the  substance  that  terminates  the  pile  at  each 
extremity;  for,  as  we  have  seen,  this  may  lead  to  grave 
errors.  It  must  be  connected  with  the  order  according  to 
which  the  solid  substances  are  placed ;  and  we  must  remember 
that  the  positive  pole  is  always  at  that  extremity  of  the  pile 
towards  which  the  zincs  of  each  pair  are  turned ;  the  negative 
pole  at  that  toward  which  all  the  coppers  are  turned;  and 
this,  whatever  be  the  manner  in  which  the  pile  terminates, 
whether  by  a  plate  of  zinc  or  one  of  copper.  If  the  zincs  of 
each  pair  are  turned  to  the  left  of  a  person  who  is  looking  at 
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the  pile^  and  the  copper  consequently  to  the  rights  the  positive 
pole  will  be  at  that  extremity  of  the  apparatus  which  is  to  the 
left  of  the  observer,  and  the  negative  at  that  which  is  at  his 
right  If  the  pile,  instead  of  being  arranged  in  the  same  right 
line,  retoms  upon  itself,  and  is  arranged  in  any  direction 
whatever,  we  have  merely  to  see  on  which  side  the  zincs  are 
turned,  and  to  remember  that  the  positive  pole  is  on  that 
side;  as  also  that  the  negative  pole  is  on  the  side  to  which 
the  coppers  are  turned.  In  this  way  we  are  sure  never  to 
make  an  error. 

Finally,  it  is  well  to  know  that,  for  dynamic  effects,  a  pile 
composed  of  a  single  pair  may  be  sometimes  employed :  thus, 
Mr.  Hare's  first  helix  pile  (Fig.  30.)  consisted  of  but  a  single 
pair  with  large  surfaces,  and,  as  this  pair  was  eminently  fitted 
for  producing  the  effects  of  the  incandescence  of  wires,  the  ^ 
author  called  it  a  Deflagrator.  In  the  case  of  a  single  pair 
there  is  but  one  cell,  into  which  are  plunged  separately  the 
two  solid  bodies  which  are  not  in  immediate  contact  From 
each  of  them  proceeds  a  metallic  conductor;  and  the  con- 
ducting substance  placed  between  these  two  conductors  is 
traversed  by  an  electric  current  If  this  substance  is  fine 
wire,  it  is  heated,  and  it  can  be  made  red  hot  if  the  pair  is 
sufficiently  powerful ;  if  it  is  acidulated  water,  it  is  decom- 
posed ;  but  this  latter  phenomenon  cannot  occur  unless  the 
single  pair  is  one  of  Gbrove's  or  Bunsen's.  In  the  ease  of 
the  decomposition  of  water  by  a  single  pair,  the  hydrogen  is 
seen  to  accumulate  around  the  platinum  wire  coming  fix>m 
the  zinc  of  the  pair,  and  the  oxygen  around  that  proceeding 
from  the  platinum  or  the  carbon.  Thus  the  negative  elec- 
tricity comes  from  the  zinc,  and  the  positive  from  the  pla- 
tinum or  the  carbon.  This  equally  takes  place,  as  we  shall 
presently  see,  in  a  pile  of  many  pairs,  if  care  be  taken  to 
suppress  the  copper  in  contact  with  the  last  zinc  and  the  zinc 
in  contact  with  the  last  copper,  which  Volta  had  thought 
necessary,  and  which  occurred  in  his  column  pile,  but  which, 
as  we  have  said,  are  perfectly  useless,  and  never  exist  in  the 
trough  piles. 

It  is  important  to  beflr  in  mind,  when  occupied  upon  a  pile 
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composed  of  many  pairs,  that  what  we  call  the  pair  is  not 
the  association  of  the  two  metals  plunged  into  the  same  cell, 
but  is  fonned  of  the  two  metals  in  metallic  contact,  each 
immersed  in  different  cells,  so  that  the  same  cell  contains  two 
metals  belonging  to  two  different  pairs ;  whilst,  when  the  pile 
is  composed  of  a  single  pair,  the  two  metals  of  this  single  pair 
are  necessarily  plunged  into  the  same  cell,  and  contact  is 
established  between  them  by  the  .conductor,  which  is  traversed 
by  the  two  electricities  ajB  they  unite  with  each  other. 

In  what  has  been  said,  we  have  not  given  any  accurate 
estimate  of  the  comparative  merit  of  each  kind  of  pile.  This 
estimate,  which  will  find  its  place  further  on,  if  it  were 
effectively  made,  would  in  fact  require  that  we  should  take 
account  at  once  of  the  intensity  of  the  effects  and  the  expense 
of  the  operations,  an  expense  which  is  estimated  by  the  more 
or  less  rapid  consumption  of  the  zinc  and  the  acids.  There 
exists  another  important  element  which  must  be  taken  into 
this  calculation — it  is  time.  The  same  quantity  of  electricity 
the  developement  of  which  corresponds  to  the  same  expense 
of  apparatus,  may  produce  very  different  effects,  according  as 
it  is  liberated  in  a  longer  or  shorter  space  of  time.  This 
difference  depends  upon  the  nature  of  the  effects.  So  that 
the  point  to  which  we  would  arrive  cannot  at  present  be 
treated  on ;  but  it  will  be  developed  with  fuller  knowledge  of 
its  causes,  when,  after  having  described  in  detail  the  different 
phenomena  produced  by  dynamic  electricity,  we  shall  enter, 
more  profoundly  than  we  have  been  able  to  do  in  this  First 
Part,  into  the  actual  sources  of  electricity,  and,  consequently, 
into  the  theory  of  the  apparatus  by  which  it  is  produced. 

Tensicni  Piles,  the  Dry  IHle,  and  tfie  Dry  Pile  Electroscope. 

The  dynamic  effects  of  electricity  do  not  require  for  tlieir 
production  the  employment  of  a  great  number  of  pairs ;  many 
of  them  are  manifested  in  a  very  energetic  manner  even  with 
a  single  pair.  But  it  is  not  the  same  with  static  effects :  in 
order  that  there  may  be  a  tolerably  strong  accumulation  of 
positive  and  of  negative  electricity  at  each  of  the  poles  of  a 
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pile^  it  is  necessary  that  the  pile  be  composed  of  a  considerable 
number  of  pairs,  and  that  the  different  parts  be  as  mnch 
insulated  as  possible.  This  insulation  is  often  difficult  to  be 
obtained  on  account  of  the  presence  of  the  liquid  with  which 
the  pile  must  necessarily  be  charged;  indeed,  imless  great 
precautions  be  taken,  there  is  a  risk  of  the  liquid  establishing, 
between  the  cells  that  contain  it,  a  communication  in  addition 
to  that  resulting  from  the  contact  of  the  metals  of  each  pair ; 
and  which  is  the  only  one  that  should  exist  Mr.  Gassiot,  by 
employing  glass  cells  supported  on  glass  stems,  so  as  to  render 
the  insulation  more  complete,  succeeded  in  obtaining,  with  a 
Grove's  pile  of  100  pairs,  very  considerable  effects  of  tension. 
He  also  constructed  a  pile  of  3520  zinc  and  copper  pairs, 
charged  with  pure  water,  and  the  cells  of  which  are  ordinary 
glass  covered  with  a  coat  of  gum-lac  varnish  so  as  to  render 
the  insulation  more  perfect 

This  pile,  during  the  several  years  it  has  been  set  up, 
constantly  gives  electric  sparks  at  each  of  its  poles  which  are 
insulated :  the  only  precaution  to  be  taken  is  to  pour  water 
occasionally  into  the  cells,  to  replace  that  which  is  lost  by 
evaporation.  We  shall  see  hereaftier  that  the  air  dissolved  in 
the  water  plays  an  important  part  in  these  piles,  where,  to  a 
certain  point,  it  supplies  the  place  of  acids  in  oxidising  the 
zinc  plates. 

The  water  battery,  for  it  has  been  thus  named  by  Mr. 
Gassiot,  gives  but  very  feeble  dynamic  effects,  as  compared 
with  the  static  or  tension  effects.  The  same  is  the  case 
with  the  dry  pile,  which  manifests  electricity  in  a  state  of 
tension  alone.  In  this  pile,  paper  supplies  the  place  of  the 
liquid  conductor;  a  circumstance  that  has  led  to  its  being 
termed  the  dry  pile.  However,  this  name  has  been  improperly 
applied  to  it,  for  it  acts  only  because  the  paper,  a  very  hygro- 
metric  substance,  is  always  more  or  less  moist :  it  would  not 
act  at  all  if  it  were  absolutely  dry.  Tin  supplies  the  place  of 
zinc  in  this  pile,  and  peroxide  of  manganese  the  place  of  copper. 
It  is  constructed  by  taking  paper  tinned  on  one  side  only ;  on 
the  untinned  surface  of  the  paper  is  spread,  with  a  camel's  hair 
pencil,  a  coat  of  th^  powder  of  peroxide  of  manganese,  of 
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which  a  paste  is  made  as  fluid  as  possible  by  dissolving  it  with 
milk,  and  which  is  made  to  adhere  by  a  little  gelatine  or  starch. 
When  this  coat  is  well  dry,  the  sheets  of  paper  thus  coated  are 
cut  into  equal  discs  by  means  of  a  punch.  These  discs  are 
then  all  placed  one  above  the  other,  care  being  taken  to 
arrange  them  all  in  the  same  order,  so  that  there  may  always 
be  tin  and  peroxide  of  manganese  in  contact,  then  paper,  and 
then  again  tin  and  peroxide  of  manganese,  and  so  on«  Many 
thousands  are  built  up  in  this  manner ;  and  thus  a  column  or 
pile  is  constructed  similar  in  form  to  Yolta's  first  pile,  and  the 
extremities  of  which  are,  the  one  negative,  and  the  other 
positive.  The  pile  necessarily  terminates  at  its  two  ex- 
tremities by  an  insulated  metallic  surface;  at  the  one,  the 
negative  extremity,  by  the  coating  of  tin;  at  the  other,  the 
positive  extremity,  by  that  of  peroxide  of  manganese. 

The  dry  pile  cannot  in  general  develop  any  electric  current, 
when  its  poles  are  united  by  a  conducting  body ;  it  can  only 
produce  a  series  of  small  sparks,  arising  from  the  reunion  of 
the  two  electricities  that  slowly  accumulate  at  each  of  its 
extremities.  However,  by  giving  a  great  surface  to  the  discs, 
and  employing  only  a  determinate  number,  M.  Delezenne 
obtained  with  these  piles  some  effects  of  the  current,  in 
particular  the  decomposition  of  water :  he  employed  a  pile  of 
300  pairs,  each  having  about  106  square  inches  of  surface. 

The  principal  use  made  of  dry  piles  is  to 
apply  them  in  the  construction  of  an  elec- 
troscope, which  is  the  most  sensible  of  all, 
and  which  has  the  advantage  over  all  others 
of  indicating  the  nature  of  the  electricity  at 
^  the  same  time  as  its  presence.     This,  which 

1        X         is  called  Bohnenberg's  electroscope,  from  the 
I         I         name  of  its  inventor,  consists  of  two  dry  piles 

I I         (-?%.  36.),  placed  vertically  upon  a  wooden 

^^       |y      stand  at  a  distance  of  4  or  6  inches  apart : 
^  ^    each  of  the  piles  terminates  above  by  a  metal 

ball,  of  a  diameter  equal  or  superior  to  that 
of  the  discs  of  which  they  are  formed.     This 
ball  is  charged  with  the  electricity  accumulated  at  the  pole 


Fig,  36. 


Digitized  by 


Google 


GHAP.lT.  VOLTAIC  PILE  AND  VOLTAMETERS.  55 

of  the  pile  above  which  it  is  placed :  the  piles  are  so  arranged 
that  the  upper  pole  is  positive  in  one  and  negative  in  the  other. 
The  two  piles  are  covered  with  a  bell-glass^  having  a  hole 
pierced  in  its  upper  part.  Through  this  hole  is  introduced 
a  metal  rod  sustaining  a  single  gold  leaf,  the  lower  extremity 
of  which  can  oscillate  between  the  two  positiTe  and  negative 
balls  of  the  drj  piles.  The  precautions  for  insulating  the 
metal  rod  that  carries  the  gold  leaf  and  the  other  parts  of  the 
apparatus  are  the  same  as  for  other  electroscopes.  As  soon 
as  the  gold  leaf  is  electrised  by  the  approach  of  a  source  of 
electricity^  it  is  carried  toward  one  or  other  of  the  balls, 
according  to  the  nature  of  the  electricity  with  which  it  is 
charged, —  toward  the  negative  ball  if  the  electricity  which 
it  possesses  is  positive,  and  reciprocally.  We  thus  perceive 
immediately  both  the  presence  of  electricity  and  its  nature. 

The  instrument  is  so  sensitive  that  it  is  affected  at  a  distance 
of  more  than  a  yard  by  the  electricity  of  a  glass  rod  or  of  a 
stick  of  was :  if  care  is  not  taken  there  is  even  sometimes 
a  risk  of  giving  false  indications  by  the  very  excess  of  its 
sensibility.  Indeed,  if  the  two  dry  piles  are  too  near  together, 
and  if  the  gold  leaf  is  not  exactly  between  the  two  balls,  the 
slightest  movement  that  brings  it  nearer  to  one  than  to  the 
other  is  sufficient  to  cause  it  to  be  attracted  by  this  ball,  even 
althoiigh  it  be  not  electrised,  just  as  any  other  light  body 
would  be.  We  may  therefore  easily  be  led  into  error,  and 
believe  in  the  presence  of  an  electricity  that  does  not  exist, 
unless  the  greatest  precautions  are  taken.  We  have  even 
succeeded  in  obtaining  a  continuous  movement  by  these 
means ;  for,  when  once  in  movement,  the  gold  leaf,  or  any 
other  light  body,  having  touched  one  of  the  balls,  becomes 
charged  with  its  electricity:  it  is  then  repelled,  to  be  attracted 
by  the  other,  which  it  touches,  and  of  which  it  acquires  the 
electricity :  it  is  then  repelled,  and  returns  to  the  first,  and  so 
on.  To  obtain  this  continuous  oscillatory  movement  it  is 
better  to  employ  a  light  body,  such  as  a  small,  very  light  ball, 
or  a  disc  of  tinsel,  suspended  to  a  film  from  a  cocoon :  there 
is  a  risk  of  the  gold  leaf  sometimes  remaining  adhering  to 
the  ball  with  which  it  comes  in  contact,  notwithstanding  the 
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repulsive  force  of  its  electricity  and  that  of  the  ball^  which  is 
not  sufficient  to  overcome  the  cohesion. 

The  expectations  that  were  founded  on  the  dry  piles,  first 
devised  by  Deluc  in  1810,  then  perfected  by  Zamboni,  who 
has  given  his  name  to  the  one  now  described,  have  not  been 
realised.  Not  only  are  they  very  limited  in  their  application, 
since  they  only  give  rise  to  static  electricity, — except  the  ex- 
ceptional case,  and  which  is  difficult  of  realisation,  that  we 
have  cited,  in  which  they  produce  a  barely  sensible  current, — 
but,  moreover,  they  do  not  possess  even  the  advantage  of 
being  of  very  long  duration.  At  the  end  of  some  years  they 
no  longer  work,  and  their  place  must  be  supplied  by  others  in 
apparatus,  into  the  construction  of  which  they  are  made  to 
enter.  This  defect  of  duration,  as  we  shall  see  when  we  are 
engaged  in  the  general  theory  of  voltaic  piles,  is  due  to  the 
paper's  finally  losing  in  part  its  hygrometric  faculty,  and 
especially  to  the  tin's  becoming  oxidised. 
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PART    11. 
STATIC   ELECTRICITY. 

CHAPTER   I. 

ELECTBICAL  ATTRACTIONS  AND  BEPULSIONS. 

Apteb  having  unfolded  the  general  phenomena  presented  by 
electricity,  aad  having  familiarised  ourselves  with  the  study 
of  this  agent,  let  us  examine  more  closely  its  properties,  com- 
mencing by  those  that  relate  to  static  electricity. 

Let  us  first  occupy  ourselves  with  the  repulsions  and  at- 
tractions manifested  by  electrised  bodies.  It  is  easy  to  perceive, 
by  means  of  the  apparatus  that  we  have  employed  in  demon- 
strating the  existence  of  these  repulsions  and  attractions,  that 
the  energy  with  which  they  occur  is  greater  in  proportion  as 
the  two  bodies  between  which  they  are  exercised  are  nearer 
together.  Thus,  in  the  case  of  attraction,  we  first  see  the  two 
electrised  balls  approach  each  other  slowly,  then  acquire  a 
more  rapid  movement,  and  finally  rush  upon  each  other.  It 
is  the  same  with  regard  to  repulsion ;  we  see  the  two  balls, 
when  they  are  charged  with  the  same  electricity,  avoid  each 
other  with  the  more  vivacity,  the  more  we  endeavour  to 
bring  them  near  to  each  other. 

This  influence  of  distance  is  subjected  to  a  law  which  was 
discovered  by  Coulomb.  It  consists  in  this,  that  ttvo  electrised 
bodies  attract  or  repel  each  other  with  a  force  which  is  inversely 
proportional  to  the  square  of  the  distance  that  separates  them; 
that  is  to  say,  that  if  the  distance  becomes  half,  the  force 
becomes  quadruple ;  if  it  becomes  the  third,  the  force  becomes 
nine  times  greater ;  and  so  on. 

Electric  Balance. 
The  demonstration  of  this  law  is  founded  upon  the  employ- 
ment of  an   instrument  contrived   by   Coulomb,   and  with 


Digitized  by 


Google 


58  STATIO  ELECTBICITT.  fast  n. 

which  it  is  necessary  to  become  acquainted^  in  order  to-  be 

able  conveniently  to  study  static  electricity.     This  instrument 

is  the  electric  balance^  or  rather  the 

torsion  balance  {Fig,  37.).    It  consists 

of  a  cylindrical  or  cubical  glass  cage^ 

surmounted  in  its  upper  part  by  a 

vertical  tube  from   15  to  20  inches 

high :  the  cage  itself  may  be  12  or 

15  inches  in  diameter,  or  even  more. 

The  top  of  the  tube  is  closed  by  a 

brass  piece,  which,  like  the  lid  of  a 

tobacco-box^  may  turn  tightly  round 

the  cap ;  which  is  also  of  brass,  and 

^*  fixed  to  the  tube  itself.     A  circular 

division  enables  us  to  measure  how  many  degrees  the  movable 

piece  has  been  turned,  and  which  may  thus  describe  several 

circumferences  of  the  circle. 

This  piece  carries  interiorly  a  vertical  metal  pincer  adapted 
exactly  to  its  centre,  and  to  which  is  fixed,  by  one  of  its 
extremities,  a  very  fine  silver  or  platinum  wire,  which  is 
stretched  at  its  other  extremity  by  a  brass  weight.  The  wire 
must  be  sufficiently  long,  that  its  lower  extremity  may  reach 
to  about  half  of  the  height  of  the  glass  cage ;  it  is  generally 
about  two  feet  ITie  brass  weight  by  which  the  wire  is 
stretched,  is  traversed  by  a  horizontal  needle  of  glass  or  gum* 
lac,  one  of  the  branches  of  which  is  very  short,  and  the  other, 
which  is  from  3  to  5  inches  long,  according  to  the  size  of  the 
cage,  carries  at  its  extremity  a  little  gilt  ball  of  elder  pith,  or 
a  small  metal  disc  of  tinsel.  A  circular  division,  traced  round 
the  glass  cage,  serves  to  measure  the  angular  spaces  traversed 
by  this  needle.  The  deviation  that  it  assumes,  when  not  tirged 
by  any  force,  depends  on  the  position  that  is  given  to  the 
movable  lid  that  sustains  the  wire  to  which  it  is  suspended* 
Care  is  taken  that  the  0°  of  the  division  that  is  traced  on  the 
cage  shall  coincide  with  the  direction  assumed  by  the  needle, 
when  the  lid  itself  is  at  the  0°  of  the  division,  traced  on  its 
own  circumference.  In  this  manner  the  starting  points,  or 
the  (f  of  the  two  divisions,  correspond.   Finally,  an  insulating 
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Stem  of  glass  or  gnm-lac,  carrying  a  ball  or  disc  perfectly 
similar  to  the  ball  or  disc  at  the  extremity  of  the  movable 
needle^  is  introduced  vertically  by  an  opening  made  in  the 
cover  of  the  cage :  the  place  of  the  opening  of  the  cage  and 
the  length  of  the  stem  are  so  combined,  that  the  ball  or  disc 
which  is  at  its  extremity  shall  be  in  contact  with  the  ball  or 
disc  of  the  needle,  when  the  needle  itself  is  in  the  direction 
corresponding  to  the  0^  of  the  division. 

The  insulating  stem  may  be  easily  taken  away  and  returned 
to  its  place,  by  means  of  the  piece,  to  which  it  is  fixed  by  its 
upper  extremity,  and  which  at  the  same  time  serves  to  adjust 
it  to  the  opening  formed  in  the  cover  of  the  glass  cage. 


Determination  by  the  Electric  Balance  of  the  Law  that  Electric 
Attractiom  and  RepuUions  obey  according  to  IHstance. 

To  make  the  experiment,  we  begin  by  removing  the  in- 
sulating stem,  then  giving  to  the  ball,  by  which  it  is  termi- 
nated, either  vitreous  or  resinous  electricity,  by  touching  it 
with  an  electrised  body.  It  is  immediately  to  be  xestored  to 
its  place :  it  at  once  divides  its  electricity  with  the  ball  of  the 
movable  needle.  The  latter  is  then  repelled,  and  the  needle 
describes  a  larger  or  smaller  arc  of  the  circle,  according  to 
the  energy  of  the  repulsion.  After  a  few  oscillations,  it 
settles  in  a  certain  position,  at  36°  for  example,  firom  the  point 
of  departure,  namely  from  the  (f  of  the  division.  If  the 
needle  stops  at  this  distance,  and  does  not  describe  a  greater 
arc,  it  is  because,  at  36°  of  distance,  there  is  equilibrium 
between  the  two  forces,  the  repulsive  force  existing  between 
the  fixed  electrised  ball  and  the  movable  one,  and  the  torsion 
force  of  the  metal  wire,  to  which  the  needle  is  suspended,  and 
which  tends  to  bring  it  back  to  its  starting  point  Since  the 
needle  acquires  a  fixed  position,  after  having  described  an  arc 
of  36°,  this  proves  that  the  force,  with  which  the  wire,  when 
twisted  to  an  angle  of  36°,  tends  to  untwist  itself,  is  precisely 
equal  to  that  with  which  the  two  balls  repel  each  other  at  the 
distance  of  36°. 

Let  us  now  inquire  what  would  be  the  force  that  would 
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produce  equilibrium^  and  that  consequently  would  be  equal 
to  that  with  which  they  were  repelled  if  they  were  at  a 
smaller  distance,  at  18%  for  example,  instead  of  36°;  namely, 
at  a  distance  one  half  less.  For  this  purpose,  let  us  turn  the 
metal  lid,  to  which  the  upper  extremity  of  the  wire  that 
carries  the  needle  is  fixed,  so  as  to  compel  this  needle  to 
approach  nearer  to  its  starting  point;  to  compel,  conse- 
quently, the  movable  ball  to  approach  the  fixed  one.  We 
shall  see  that,  in  order  that  there  may  be  an  arc  of  only  18° 
between  the  two  balls,  the  lid  above  must  be  turned  126°, 
which  causes  the  wire  to  be  twisted  126°  from  above;  but 
since  the  needle  is  not  at  the  0°  of  its  division,  but  remains 
fixed  at  18°  beyond,  it  follows  that  the  wire  is  twisted  18° 
below  and  126°  above,  which  makes  in  all  a  torsion  of  144°. 
The  force,  then,  that  produces  equilibrium,  or  that  is  equal 
to  that  with  which  the  two  balls  are  repelled  when  they  are 
18°  apart,  is  the  force  with  which  a  wire,  twisted  to  144°, 
tends  to  untwist  itself.  We  operate,  in  the  same  manner,  to 
determine  the  force  with  which  the  two  balls  are  repelled 
when  the  arc  by  which  they  are  separated  is  no  more  than 
9°.  We  should  find  that  it  would  be  necessary  to  twist  the 
wire  from  above  567°,  which  makes  576°  of  torsion  in  all,  by 
adding  the  9°  that  it  is  twisted  below ;  for  the  needle  is  main- 
tained 9°  beyond  its  0°  of  torsion :  thus  the  force  with  which 
the  wire  tends  to  untwist,  when  it  is  twisted  to  an  angle  of 
576°,  is  equal  to  that  with  which  the  two  balls  are  repelled 
when  they  are  only  9°  apart 

Experiment  had  proved  to  Coulomb  that  the  forces  of 
torsion  are  proportional  to  the  angles  of  torsion;  in  other 
words,  that  the  force,  which  must  be  employed  to  twist  a 
wire  to  a  certain  angle,  or  that  with  which  it  tends  to  untwist, 
is  proportional  to  this  angle ;  that  is  to  say,  that  if  the  angle 
becomes  double,  triple,  half,  or  quarter,  the  force  in  lUte 
manner  becomes  double,  triple,  half,  or  quarter  of  what  it 
was.  Thus  the  forces  that  produce  equilibrium,  or  that  are 
equal  to  the  forces  with  which  the  electrised  balls  are  re- 
pelled at  the  distances  36°,  18°,  9°,  are  to  each  other  as  the 
angles  of  torsion  36°,  144°,  576°.     But  these  angles  are  to 
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each  other  as  1:4:  16 ;  whence  we  may  conclude  that,  if 
the  distances  are  to  each  other  as  1  :  ^  :  ^,  the  repulsive 
forces  ar^  to  each  other  as  1  :  4  :  16.  It  is  therefore  correct 
to  say  that  the  force  vnth  which  two  electrised  bodies  repel  each 
other 9  is  inversely  proportional  to  the  square  of  the  distance  by 
which  they  are  separated. 

In  the  same  maimer  we  prove  that  the  force  with  which  two 
bodies  that  possess  different  electricities  attract  each  other y  is 
iyiversely  proportional  to  the  square  of  the  distance  by  which  they 
are  separated* 

In  this  case,  after  having  given  to  the  ball  of  the  movable 
needle,  hy  means  of  the  other  ball,  a  certain  electricity,  we 
must  take  away  this  latter,  and  give  it  the  contrary  electricity. 
But,  before  restoring  to  its  place  this  ball  that  is  intended  to 
remain  always  fixed  at  the  0°  of  the  division,  it  is  necessary 
to  give  the  movable  needle  another  position,  which  prevents 
the  contact  taking  place  immediately  between  the  ball  that 
terminates  it  and  the  fixed  ball  that  has  a  contrary  electricity; 
for,  without  this  precaution,  as  these  two  balls  would  be 
touching,  the  two  electricities  would  be  neutralised  imme- 
diately, and  no  effect  would  take  place.  For  this  purpose  we 
turn  the  metal  cover,  to  which  the  torsion  wire  is  fixed ;  and, 
in  this  manner,  we  induce  the  movable  needle  to  remain  at 
40°  or  50**  from  the  0°  of  its  division,  when  it  is  not  acted 
upon  by  any  force,  and  when  the  wire  consequently  is  with- 
out torsion.  It  is  then  we  introduce  the  ball,  which  is  to 
remain  fixed  at  the  0**,  and  which  is  charged  with  a  contrary 
electricity  to  that  which  has  already  been  given  to  the  mov- 
able ball  before  it  was  made  to  change  its  place.  There  is 
.immediate  attraction  between  the  two  balls;  but  they  are 
prevented  from  coming  into  contact  in  consequence  of  the 
torsion  of  the  wire  resulting  from  the  displacement  of  the 
movable  ball;  they  remain,  therefore,  at  a  certain  distance 
from  each  other,  a  distance  at  which  there  is  equilibrium 
between  the  force  of  torsion  that  tends  to  separate  them,  and 
the  attraction  that  reigns  between  them  and  that  tends  to 
bring  them  together. 

We  augment  or  diminish  the  torsion  so  as  to  maintain 
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equilibrium  at  other  distances.  We  thus  obtain  variable 
distances  between  the  balls^  and  angles  of  torsion  corre- 
sponding to  these  distances ;  and  it  is  &om  the  relations  that 
exist,  on  the  one  hand  between  these  distances,  and  on  the 
other  between  these  angles,  that  we  deduce,  as  in  the  case  of 
repulsion,  the  law  that  we  haye  laid  down.  We  must  only 
take  care  that,  in  making  the  torsions  vary,  we  do  not  bring 
the  two  balls  at  so  feeble  a  distance  firom  each  other  that, 
attraction  getting  the  better  of  the  force  of  torsion,  they  may 
come  suddenly  into  contact,  in  which  case,  the  two  electricities 
being  neutralised,  all  would  have  to  be  done  over  again.* 
In  all  the  preceding  experiments  the  electricity  that  is 
possessed  by  the  balls  runs  the  risk  of  being  dissipated,  with 
greater  or  less  rapidity,  by  means  of  the  imperfect  insulation 
of  the  supports  and  the  humidity  of  the  air.  To  avoid  this 
inconvenience,  we  must  dry  the  interior  of  the  torsion  balance 
as  much  as  possible,  by  placing  in  it  chloride  of  calcium  or 
other  bodies  that  absorb  moisture,  by  making  the  experiment 
as  rapidly  as  possible,  and  finally  by  taking  account  of  the 
loss  of  electricity,  by  taking  the  mean  between  the  results  of 
the  same  experiments  made  at  slightly  different  periods.f 

Injluence  of  the  absolule  Quantity  of  Electricity  upon  Attractions 
and  Repulsions ;  and  general  Expression  of  the  Attractive  and 
Repulsive  Force, 

After  having  found  the  laws  by  which  electric  attractions 
and  repulsions  are  connected  with  the  mutual  distance  of  two 
electrised  bodies,  it  remained  to  determine  the  law  according 
to  which  the  attractive  or  repulsive  force  depends  on  the- 

*  For  the  calcnlotioiis,  8eei.note  A  at  the  end  of  the  Tolame. 

t  Coulomb  confirmed  the  laws  that  he  had  finmd  by  the  torsion  balance  bj  a 
totally  different  method,  which  consists  in  oscillating  before  an  insulated  and 
electriaed  globe,  a  horizontal  needle  tennmated  by  a  small  ball,  charged  widi 
the  same  electricity  as  the  globe,  or  with  a  difierent  electricity ;  the  number  of 
oscillations  in  a  given  time  at  different  distances  are  counted ;  and,  by  the  formula 
of  the  pendulnm,  is  dedueed  the  inflneaoe  of  distance  upon  the  intensity  of  the 
force. 

We  shall  develope  this  method  more  in  detail  when  we  come  to  magnetic  at- 
tractions and  repulsions. 
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quantities  of  electricity  accumulated  upon  each  body.  To 
arrive  at  this,  Coulomb  set  out  from  the  self-evident  principle 
that  if  two  bodies,  for  example,  two  insulated  conducting 
spheres,  of  the  same  size  and  perfectly  similar  in  every 
respect,  are  placed  in  contact,  they  share  equally  in  Ihe 
electricities  that  they  possess  ;  in  such  sort  that  if  one  of  the 
insulated  spheres  is  electrised  and  the  other  is  not,  they  have, 
after  contact,  each  the  same  quantity  of  electricity,  namely 
the  half  of  that  possessed  beforehand  by  the  one  only  that 
was  electrised.  This  point  being  admitted,  we  observe  the 
force  of  torsion  that  at  a  certain  distance  is  in  equilibrium 
with  the  repulsive  or  attractive  force  of  the  two  balls  of  the 
balance,  that  are  similar  and  charged  with  the  same  quantity 
of  electricity.  We  have  a  third  ball  perfectly  similar  to  the 
two  others,  insulated  as  they  are,  but  not  electrised.  With 
this  ball  we  touch  the  [fixed  ball  of  the  balance ;  this  contact 
takes  from  it  the  half  of  its  electricity  according  to  the 
principle  we  have  just  laid  down,  the  movable  ball  retaining 
the  whole  of  its  own.  We  then  look  again  for  the  force  of 
torsion  necessary  to  cause  equilibrium,  at  the  same  distance* 
to  the  attractive  or  repulsive  force  of  the  two  balls  of  the 
balance,  and  we  find  that  this  force  is  now  only  the  half  of 
what  it  was  before.  By  then  reducing  to  a  half,  by  the  same 
process,  the  electricity  of  the  movable  ball,  we  find  that  the 
force  of  torsion  is  now  only  the  fourth  of  what  it  was  in  the 
outset  It  is  the  same  if,  without  making  any  change  in  the 
electric  state  of  the  movable  ball,  we  diminish  a  second  time 
by  a  half  the  electricity  of  the  fixed  ball,  namely,  if  we  reduce 
it  to  a  fourth  of  what  it  was  at  the  fi^rst. 

These  experiments  therefore  prove  that,  the  distance  re^ 
maiming  the  same,  the  attraciione  and  repulsions  are  in  compound 
ratio  to  the  quantities  of  electricity  with  which  the  two  bodies  are 
charged;  or,  which  amounts  to  the  same  thing,  that  the 
attractive  or  repulsioe  force  is  the  product  of  these  two  qimntities* 

It  is  easy  indeed  to  see  that  there  is  simply  a  product  which 
may  become  half  less  when  one  of  the  factors  diminishes  by  a 
half,  and  become  four  times  less  when  the  two  fiictors  each 
diminish  by  a  half^  or  when  one  alone  of  the  two  becomes  a 
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fourth  of  what  it  was^  the  other  not  changing.  This  result 
has  been  verified  by  Coulomb^  by  means  of  a  great  number 
of  experiments,  made  with  absolute  quantities  of  electricity, 
and  very  difierent  one  from  the  other. 

The  law  that  we  have  just  established,  connected  with  that 
which  regulates  the  distance,  enables  us  to  give  to  the 
expression  of  the   attractive   and   repulsive  force  reigning 

EE' 

between  two  electrised  bodies  this  very  simple  form:  F  =r-^j , 

calling  F  the  force,  E  and  E^  the  quantities  of  electricity 
with  which  the  two  bodies  are  charged,  and  D  the  distance 
existing  between  them. 

Torsion  Electrometers. 

The  knowledge  of  the  two  laws  to  which  electric  attractions 
and  repulsions  are  subjected,  has  furnished  philosophf»rs  with 
an  excellent  electrometer  in  the  torsion  balance.  To  apply  it 
to  this  use  the  fixed  ball  is  made  to  communicate,  by  means 
of  a  metal  rod  situate  in  the  axis  of  the  insulating  tube  that 
sustains  it,  with  a  small  metal  sphere  situated  on  the  outside  of 
the  glass  cage  that  contains  the  whole  apparatus.  This  sphere, 
as  in  ordinary  electroscopes,  is  placed  in  communication  with 
the  source  of  electricity.  The  electricity  arrives  at  the  fixed 
ball  and  at  the  movable  one  that  is  in  contact  with  it  at  the 
0°  of  torsion  and  charges  each  of  them.  Repulsion  imme- 
diately takes  place;  by  means  of  torsion  they  are  to  be 
brought  back  to  a  determinate  distance,  always  the  same  for 
comparative  experiments.  The  angles  of  torsion,  necessary 
to  bring  back  the  balls  to  the  constant  distance,  represent  in 
each  experiment  the  repulsive  forces  that  are  proportional  to 
these  angles.  But  these  forces  being  the  product  of  the  two 
equal  quantities  of  electricity  with  which  the  balls  are  charged, 
it  is  clear  that  each  of  these  quantities  themselves  is  propor- 
tional to  the  square  roots  of  the  repulsive  forces  or  of  the 
corresponding  angles  of  torsion.     We  have,  in  fact,  in  this 

E*  E'*  — 

case,F= j^,  and  in  the  other  F'=  yja^  whence  E  :  E' :  :  VF 

:  VF\     Thus,  if  the  angle  is  four  times  greater  in  one 
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experiment  than  in  the  other,  it  signifies  that  the  quantity  of 
electricitj  possessed  by  each  of  these  balls,  jpid  consequently 
that  of  the  source  which  was  put  in  communication  with 
them,  is  twice  greater.  Care  must  be  taken  after  each 
experiment,  and  before  commencing  another,  to  discharge  the 
two  balls  of  the  balance,  by  putting  them  in  communication 
with  the  ground  by  means  of  a  metal  rod  held  in  the  hand. 
Without  this  precaution,  the  electricity  that  would  remain 
after  one  experiment  would  complicate  and  falsify  the  results 
of  the  following  one.  It  is  true  we  need  not  discharge  the 
movable  ball,  but  leave  to  it  a  constant  quantity  of  electricity, 
taking  care  to  avoid  its  coming  in  contact  with  the  fixed  ball. 
Then  this  latter  alone  is  placed  in  communication  with  the 
source ;  and  the  angles  of  torsion  or  the  repulsive  forces  are 
then  simply  proportional  to  the  quantities  of  electricity  with 
which  it  is  charged,  quantities  wliich  are  variable  in  this  ball 
alone.  This  mode  of  operating  is  easier,  and  it  requires  no 
calculation ;  hence  it  is  more  adopted,  although  it  is  less  sure 
on  account  of  the  loss  of  electricity  which  the  movable  ball 
always  experiences,  to  a  greater  or  less  extent,  during  the 
experiments,  notwithstanding  our  carefully  taking  the  pre- 
cautions that  we  have  already  pointed  out  when  referring 
to  the  torsion  balance. 

Coulomb's  electric  balance,  when  employed  as  an  electro- 
meter, does  not,  it  is  true,  immediately  indicate  the  nature  of 
the  electricity ;  a  determination,  however,  which  may  easily 
be  obtained  by  the  same  means  employed  for  other  electro^ 
scopes.  But  the  great  superiority  of  this  instrument  is  that 
it  is  the  only  one  which  can  give  an  exact  measure  of  electric 
forces ;  in  addition  to  which,  it  is  susceptible  of  great  sensibility. 
When  necessary  to  increase  this  sensibility,  the  metal  wire,  by 
the  torsion  of  which  the  forces  are  to  be  measured,  must  be 
as  fine  as  possible,  and  as  long  as  the  construction  of  the 
apparatus  permits.  Care  is  taken  at  the  same  time  that  the 
glass  or  gum-lac  needle  that  carries  the  movable  ball  as  well 
as  this  ball  itself,  are  of  great  lightness.  By  these  means  we 
succeed  in  obtaining  an  apparatus  of  remarkable  delicacy.  It 
may  even  become  the  most  delicate  of  all  electroscopes,  except, 
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perhaps,   that  with   dry  piles,   if  a  film   unwound   from  a 

cocoon  is  put  in  place  of  the  metal  wire  that  carries  the 

^r%^     movable  needle:  we  then  give  it  a  slightly  dif- 

CZ^^Z^  ferent  and  more  simple  form  {Fig.  38.).     But  as 

the  waxed  filament  of  silk  does  not  obey  the  laws 

of  torsion  as  the  metal  wires  do,  the  apparatus  is 

no  longer  an  electrometer;  it  becomes  a  simple 

electroscope.  In  this  case  a  force  equal  to  ^^^^^lyth 

of  a  grain  is  sufficient  to  make  the  needle  ti*averse 

'^'     '       an  entire  circumference ;  consequently,  an  arc  of 

one  degree,  if  traversed  by  this  needle^  corresponds  to  a  force 

equivalent  to  only  ^TSjyi^jsjsJS  ^^  ^  grain.     We  see,  by  this 

example,  what  a  minute  force  we  can  contrive  to  measure,  and, 

consequently,  to  what  extent  we  may  succeed  in  discovering 

the  slightest  traces  of  electricity. 

Objections  to  the  Generality  of  the  preceding  Laws, 

Before  terminating  this  chapter,  we  must  add  that  the 
generality  of  the  two  laws  discovered  by  Coulomb  has  been 
contested  by  an  English  philosopher.  Sir  Wm.  Snow  Harris. 
This  philosopher  has  made  a  great  number  of  observations  by 
means  of  an  apparatus  of  his  invention,  termed  a  Bifilar 
hahncey  in  which  the  movable  needle  is  carried  by  two  waxed 
silk  threads,  the  points  of  support  of  which  are  very  near  to 
each  other,  and  at  an  equal  distance  from  its  centre  of  gravity. 
As  soon  as  the  movable  needle  is  driven  from  its  position  of 
equilibrium,  the  two  threads  can  no  longer  preserve  their 
vertical  position,  and  they  incline  in  opposite  directions  to  a 
greater  or  less  degree,  according  to  the  intensity  of  the  force 
by  which  the  needle  is  driven ;  and  it  necessarily  follows  that 
the  latter  is  raised.  The  new  position  that  it  acquires  is, 
therefore,  that  at  which  there  is  equilibrium  between  the 
electric  force  and  the  force  with  which  gravity  tends  to  bring 
it  back  to  its  normal  position,  a  force  which  it  is  easy  to 
calculate.  In  Sir  W.  Harris's  bifilar  balance,  gravity  takes 
the  place  of  the  force  of  torsion  in  Coulomb's  balance.  With 
regard  to  the  slight  torsion  that  the  silk  threads  may  undergo. 
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it  is  not  necessary  to  take  it  into  account,  experiment  having 
proved  that  its  effect  is  completely  nulL  The  same  philosopher 
has  also  employed  a  very  delicate  simple  balance,  in  which, 
by  means  of  weights  placed  in  one  of  the  scale  pans,  he  pro- 
duced equilibrium  to  the  electric  attractions  acting  upon  a 
disc  fixed  to  the  other  scale  pan. 

It  is  with  these  apparatus,  and  by  greatly  varying  his  ex- 
perim^its,  that  Sir  W.  Harris  found  that  the  law  of  the 
inverse  of  the  square  of  the  distance  is  not  exactly  sustained, 
except  when  the  balls  or  the  discs  are  charged  with  an  equal 
quantity  of  electricity ;  when  this  quantity  is  not  too  feeble ; 
and,  finally,  when  the  angular  distance  that  separates  them 
is  greater  than  9*^  Otherwise,  and  especially  if  the  electric 
charges  of  the  two  bodies  are  very  difierent,  the  force  becomes 
the  inverse  of  the  simple  distance,  within  certain  limits*  The 
same  causes  equally  modify  the  second  law,  which  establishes 
the  relation  existing  between  the  quantities  of  electricity,  and 
the  attractive  or  repulsive  forces.  Thus,  in  one  experiment, 
the  respective  quantities  of  electricity  being  successively,  on 
each  of  two  discs,  in  turn  1  and  2,  the  corresponding  re- 
pulsive forces,  instead  of  being  1  and  4,  were  1  and  5.  This 
deviation  from  the  law  was  due  to  the  absolute  intensity  of 
the  electricity  being  too  feeble.  But  it  is  much  more  sensible 
when  there  is  inequality  in  the  electric  charges  of  two  bodies, 
and  when  this  inequality  is  very  great. 

These  numerous  exceptions  to  Coidomb's  laws  are  in  great 
part  due  to  there  occurring  to  electrised  bodies,  when  in 
presence  of  each  other,  important  modifications  in  their  electric 
state,  by  the  efiect  of  influences  whose  action  we  shall  study 
further  on, — influences  which  are  the  more  sensible  as  the 
electric  charges  are  more  different.  They  depend  also  upon 
its  being  very  probable  that  the  laws  in  question  are  general 
only  for  points  almost  mathematical,  and  not  for  bodies  of 
any  forms  and  dimensions.  Now  we  conceive  that  they  must 
be  so  when  we  employ,  as  Coulomb  did,  small  equal  spheres 
for  electrised  bodies ;  for,  as  is  demonstrated  in  mechanics,  the 
action  of  a  sphere  is  always  the  same  as  that  which  would  be 
exercised  by  its  centre,  supposing  all  the  forces  with  which 
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the  sphere  is  endowed  were  concentrated  in  this  centre.  We 
seC;  therefore,  that  Coulomb's  laws  may  be^  regarded  as 
general  by  restricting  them  to  the  cases  of  electrised  molecules 
or  points ;  and  that,  in  other  cases,  they  may  be  regarded  as 
deviating  less  from  the  truth,  as  the  bodies  are  of  smaller 
dimensions,  and  as  the  forms  approach  more  or  less  the 
spherical  form. 

Sir  W.  Harris  has  also  found  that,  when  a  quantity  of 
electricity  is  constant,  the  attractive  force  is  inversely  as  the 
square  of  the  surfaces  upon  which  the  electricity  is  diffused  ; 
and  that,  when  the  surfaces  are  constant,  the  force  is  propor- 
tional to  the  squares  of  the  quantities  of  electricity.  What  is 
very  remarkable  is,  that  the  distance  at  which  a  discharge 
between  two  balls,  charged  with  contrary  electricities,  may 
take  place,  is  simply  proportional  to  the  quantities  of  elec- 
tricity, whilst  the  attractive  forces  are  proportional  to  the 
squares  of  these  forces. 

The  same  philosopher  has  also  established  that  the  attractive 
force  between  electrised  bodies  depends  only  on  the  form  of 
the  two  opposed  surfisices,  and  not  at  all  on  that  of  the  rest 
of  the  body :  thus  two  cones,  opposed  by  their  base,  attract 
each  other,  as  would  two  circular  discs  equal  to  these  bases ; 
two  hemispheres,  as  two  spheres  of  the  same  diameter;  the 
attraction  between  two  circular  surfaces,  one  greater  than 
the  other,  is  the  same  as  between  two  surfaces  equal  to 
the  smaller  of  the  two;  it  is  also  the  same  between  a  ring 
and  a  disc,  as  between  two  rings  of  the  same  diameter. 
All  these  different  results  may  be  summed  up  in  the  fol- 
lowing law :  it  is,  that  the  attraction  is  directly  proportional 
to  the  number  of  points  immediately  opposed  to  each  other, 
and  inversely  to  the  square  of  their  respective  distances.  But 
we  should  remark  that  tliese  consequences  are  true  only  in 
the  cases,  in  which  the  electric  forces  are  equally  distributed^ 
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CHAP.  n. 

DISTRIBUTION  OF  ELECTBICITT  ON  THE  BUBFACE  OF  INSULATED 
CONDUCTIMa  BODIES. 

Electricity  arranges  itself  on  the  Surface  of  insulated  conducting 

Bodies, 

What  characterises  a  condactiiig  body,  is  the  facility  with 
iirhich  electricity  is  propagated  in  it  As  soon  as  an  insulated 
conductor  is  touched  at  any  point  with  an  electrised  body,  all 
the  points  of  the  conductor  are  themselves  instantly  electrised ; 
and,  as  soon  as  communication  is  made  with  the  ground^  by 
touching  with  the  hand  or  in  any  other  manner  any  point 
of  an  insulated  and  electrised  conductor,  immediately  this 
point  and  all  the  others  cease  to  possess  any  electricity.  But 
this  electricity,  which  is  thus  spread  over  all  the  points  of  the 
surface  of  an  insulated  conductor,  does  not  penetrate  into  the 
interior ;  and  its  difiiision  depends  upon  the  surface  of  the 
body  alone.  Coulomb  proved  this  by  a  series  of  experiments, 
in  which  he  observed  the  repulsive  force  between  the  two  balls 
of  the  torsion  balance  before  and  after  having  touched  the 
fixed  ball  with  a  third  ball  insulated  and  unelectrised,  and 
of  exactly  the  same  size.  Whether  the  latter  were  solid  or 
hollow,  of  copper,  of  lead,  or  of  any  metal  whatever,  of  wood, 
or  cork,  or  elder-pith,  it  always  carried  away  from  the  one 
with  which  it  had  been  put  in  contact  the  same  quantity  of 
electricity,  namely,  the  half  of  what  it  possessed;  and  tlio 
proof  is,  that  the  repulsive  force  was  reduced  to  the  half  of 
what  it  was  before.  Thus,  then,  in  the  contact  of  two  in- 
sulated spheres,  the  electricity  is  equally  divided  between 
them,  providing  they  are  both  made  of  conducting  matter, 
whatever  their  density  may  be,  and  whether  they  be  solid  or 
hollow.  This  is  a  proof  that  electricity  is  only  disposed  upon 
the  surface  of  bodies ;  for  were  it  also  disposed  in  the  interior 
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particles^  the  solid  ball  must  have  acquired  more  than  the 
hollow  one ;  and  were  it  disposed  in  greater  proportion  in 
particles  of  one  kind  than  in  those  of  another^  the  metal  ball 
would  not  have  acquired  the  same  quantity  of  electricity  as 
the  elder-pith  one. 

If,  instead  of  touching  the  fixed  ball  of  the  balance  with 
a  sphere  of  the  same  surface,  it  is  touched  with  a  sphere  of 
double  the  surface,  its  electricity  is  reduced  to  one  third  of 
what  it  was  before,  as  is  proved  by  the  diminution  of  the 
repulsive  force.  This  experiment  is  a  new  proof  that  the 
electric  charge  is  all  disposed  upon  the  surface  in  insulated 
conducting  bodies ;  foi*  the  little  ball  lost  the  two  thirds  of  its 
electricity  only  because  it  was  in  contact  with  a  globe  having 
a  surface  double  its  own,  and  because  the  total  amount  of  its 
electricity  is  distributed  between  the  two  spheres  of  unequal 
size,  proportionately  to  their  respective  surfaces* 

A  still  more  direct  experiment  points  out  this  tendency  of 
electricity  to  arrange  itself  upon  surfaces.  An  insulated  metal 
sphere  is  electrised;  it  is  enveloped  with  two  hollow  metal 

Fig,  39. 

hemispheres  {Fig,  39.),  which  cover  it  exactly,  so  as  to  become 
its  veritable  surface.  These  hemispheres  are  fixed  to  insulating 
handles,  by  means  of  which  they  are  held.  After  having  en- 
veloped the  sphere  with  them,  they  are  removed,  when  not 
the  smallest  trace  of  electricity  is  to  be  found  upon  the  sphere, 
as  may  be  proved  by  touching  it  with  a  sensible  electroscope. 
On  the  other  hand,  the  hemispheres  are  electrised,  although 
they  were  not  so  before  the  experiment ;  they  have  therefore 
taken  fi-om  the  sphere  all  the  electricity  it  possessed.  To 
remove  the  hemispheres  is  to  take  away  the  surface  of  the 
sphere ;  and,  since  in  taking  away  the  hemispheres  all  the  elec- 
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tricity  is  taken  away^  we  have  the  proof  that  .all  the  electric 
charge  is  entirely  arranged  at  the  surface. 

To  show  this  important  principle  in  a  more  general  and 
complete  manner^  we  employ  a  small  apparatus^  termed  a 
proof-plane.  It  consists  of  a  small  disc  of  tinsel  or  gilt  paper, 
fixed  at  the  end  of  a  stem,  or  rather  an  insulating  thread  of 
gum-lac  or  glass.  The  length  of  this  stem,  and  of  the  support 
by  which  it  is  sustained,  are  so  calculated  that  the  small  disc 
may  supply  the  place,  in  the  torsion  balance,  of  the  fixed  ball 
of  the  apparatus,  and  act  like  it,  when  it  is  electrised,  upon  the 
disc  or  the  ball  fixed  at  the  extremity  of  the  movable  needle. 
A  point  of  the  surface  of  a  body  is  touched  by  the  proof-plane, 
and,  if  this  point  is  electrised,  it  is  immediately  perceived, 
because  the  proof-plane,  when  carried  to  the  balance,  acts 
upon  the  movable  needle.  By  this  mode  of  operating  we 
prove,  that,  however  thin  its  envelope  may  be,  a  hollow  metal 
sphere  does  not  present  the  slightest  trace  of  electricity  upon 
its  inner  surface,  even  when  its  outer  surface  is  strongly  elec- 
trised. The  proof-plane  is  in  Uke  manner  introduced  into  a 
hollow  cylinder  or  body  of  any  form,  so  as  only  to  touch  its 
interior  surface ;  it  comes  out  without  any  trace  of  electricity ; 
whilst,  if  it  is  put  in  contact  with  the  exterior  surface,  it  ac- 
quu'es  a  very  decided  electric  charge. 

The  following  are  some  of  Faraday's  experiments,  which 
in  an  elegant  manner  demonstrate  the  same  principle.  A 
cylinder,  made  of  metal  gauze,  or  a  trellis  of  iron  wire  with 
meshes  not  too  close  together,  is  placed  upon  a  horizontal 
metal  disc,  resting  on  an  insulating  support;  electricity  is 
communicated  to  it  by  its  interior  surface :  — the  proof-plane 
indicates  that  the  exterior  surface  alone  is  electrised,  notwith- 
standing the  facility  with  which  the  two  surfaces  may  commu- 
nicate with  each  other.  An  animal,  such  as  a  mouse,  when 
placed  in  the  interior,  does  not  experience  any  shock,  even  when 
the  entire  apparatus  is  very  strongly  electrised,  and  vivid 
sparks  are  drawn  from  it*   A  hollow  metal  cylinder  is  placed 

*  Mr.  Faraday,  in  his  lectures,  covers  h^s  most  sensitive  gold-leaf  electroscopes 
with  cotton  or  linen  nets,  having  loose  meshes,  to  protect  them  from  the  influence 
of  the  ambient  electricity.    Notwithstanding  the  vicinity  of  powerful  electric 

r  4 


Digitized  by 


Google 


12  .     STATIC  ELECTBICITV,  part  ii. 

upon  an  insulated  metal  disc,  of  a  diameter  a  little  larger  than 
its  own ;  it  is  electrised,  and  its  exterior  surface  alone  gives 
signs  of  electricity.  It  is  surrounded  exteriorly  with  small 
brass  columns,  higher  than  itself,  and  which  rest  by  their 
base  upon  the  same  metal  disc ;  all  the  electricity  is  immediately 
disposed  upon  the  exterior  surface  of  these  small  columns.  A 
third  experiment  consists  in  fixing  to  an  insulated  metal  wire, 
bent  into  the  form  of  a  ring,  a  conical  muslin  bag,  which  forms 
in  fact  a  butterfly  net  It  is  to  be 
electrised :  no  electricity  is  found  upon 
its  interior  surface  by  the  proof-plane. 
By  means  of  two  insulated  silk  threads, 
fixed  to  the  apex  of  the  cone,  one 
withinside  and  the  other  without,  the 
bag  is  turned  inside  out  without  being 
deprived  of  the  electricity  with  which 
it  is  charged,  so  that  the  surface  which 
*9'  40.  ^^  exterior  becomes  interior,  and  re- 

ciprocally :  and  it  is  always  the  surface  that  is  outside  which 
is  alone  found  to  be  charged  with  electricity  {Fig,  40.). 

Electric  Reaction  of  the  Points  of  a  Surface. 

It  is  therefore  fairly  proved,  that  upon  the  exterior  surface 
£>f  a  conducting  body  is  disposed  all  the  electricity  with 
which  it  is  charged.  Each  point  of  this  surface  will  have  a 
certain  quantity  of  electricity,  which  is  termed  a  certain 
electric  reaction;  an  expression  by  which  we  designate  the 
condition  of  an  electrised  point  or  surface  that,  in  the  static 
state,  does  not  exercise  any  action,  but  would  virtually  be 
capable  of  exercising  one.  The  electric  reaction  of  each 
point  of  the  surface  of  a  conducting  body  must  depend,  for 
the  same  quantity  of  electricity  given  to  this  body,  upon  the 
extent  of  its  surface,  and  must  be  inversely  to  it,  because  all 
the  electricity  is  disposed  upon  the  surface  alone.     We  may 

machines  in  action,  the  electroscopes  experience  no  effect,  the  electricity  that 
reaches  tliem  being  entirely  disposed  upon  the  exterior  surface  of  the  tissue  by 
which  they  are  enveloped. 
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prove  directly  by  experiment  this  self-evident  principle^  by 
means  of  a  metal  riband  wound  around  an  insulated  metallic 
axis*     An  electroscope  composed  of  two  elder-pith  balls^  sus- 
pended to  linen  threads,  is  fixed 
at  the  extremity  of  the  metal 
axis  {Fig.  41.).     The  whole  is  to 
be  electrised;    and  the  electro- 
scope diverges  powerftdly.     We 
then  unroll  the  riband  by  means 
of  an  insulating  silk  thread  fixed 
^^41^  at  the  free  extremity ;  the  balls 

of  the  electroscope  approach  and 
come  almost  into  contact  The  riband  is  then  wound  up 
again  by  means  of  an  insulated  handle  fixed  at  the  end  of  the 
axis ;  the  balls  of  the  electroscope  immediately  begin  again 
to  diverge.  This  double  operation,  which  may  be  repeated 
several  times  without  the  electricity  being  dissipated,  if  the 
air  is  tolerably  dry  and  the  supports  good  insulators,  shows 
that  the  electric  reaction  of  the  point  of  the  surface  to  which 
the  electroscope  is  fixed  is  less  according  as  the  total  surface 
is  greater,  and,  reciprocally,  is  stronger,  as  the  surface  is 
smaller.  The  mass  of  the  body  remains  the  same,  its  surface 
alone  is  varied;  but  as  the  electricity  is  disposed  upon  the 
surface  alone,  it  is  clear  that  the  same  quantity  of  electricity, 
in  distributing  itself  ov(*.r  a  greater  surface,  will  give  to  each 
of  the  points  of  which  it  is  composed  a  less  electric  reaction 
than  would  be  possessed  by  each  of  the  points  when  the 
surface  was  smaller. 


Distribution  of  Electricity  upon  the  Points  of  (liferent  Surfaces. 

The  electric  reaction  of  a  point,  for  the  same  surface,  does 
not  depend  simply  upon  the  absolute  intensity  of  the  elec- 
tricity, but  also  upon  the  general  form  of  the  surface  to  which 
this  point  belongs.  The  influence  of  this  form  on  the  manner 
in  which  the  electricity  distributes  itself  over  a  surface,  has 
been  the  object  of  numerous  and  interesting  researches  by 
Coulomb.     It  was  also  by  touching  successively  with  the 
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proof-plane  the  difFerent  points  of  the  sur&ce  of  an  electrised 
conducting  body,  and  bringing  it  each  time  to  the  torsion 
balance,  that  he  succeeded  in  determining  the  laws  which  the 
distribution  of  electricity  obeys.  In  fact,  when  the  proof- 
plane  is  tangent  to  a  point  of  the  surface,  it  is  confounded 
with  the  point  that  it  touches ;  it  becomes  itself  part  of  the 
surface,  and  consequently  takes  the  same  charge  of  electricity 
that  was  possessed  by  the  element  that  it  covei*s.  When  the 
plane  is  taken  away,  it  is  as  if  there  had  been  cut  from  the 
surface  an  element  of  the  same  extent  as  itself,  and  it  had  been 
conveyed  to  the  balance  with  the  electricity  that  it  possessed, 
when  it  formed  part  of  the  surface.  Consequently,  when  we 
wish  to  operate,  we  begin  by  charging  the  disc  of  the  movable 
needle  with  the  same  electricity  as  that  of  the  body  subjected 
to  experiment ;  we  then  touch  with  the  proof-plane  a  point  of 
the  surface  of  the  electrised  conductor,  and  carry  the  plane 
to  the  torsion  balance;  we  determine  the  angle  of  torsion 
necessary  to  establish  equilibrium  at  a  constant  distance ;  we 
now  take  it  away,  and  discharge  its  electricity,  and  then 
convey  it  to  another  point  of  the  same  conducting  body ;  it 
takes  electricity  from  it,  is  carried  over  to  the  balance ;  we 
determine  the  angle  necessary  to  produce  equilibrium  still  at 
the  same  distance.  The  relation  existing  between  this  angle 
and  the  preceding  one,  expresses  the  relation  that  exists 
between  the  two  electric  charges  taken  successively  by  the 
plane,  consequently,  between  the  electric  charges  of  the  two 
portions  of  the  surface  that  have  been  successively  touched. 

By  applying  the  method  to  determining  the  distribution  of 
electricity  over  the  surfaces  of  insulated  conductors  of  dif- 
ferent forms,*  we  arrive  at  the  following  results :  — 

Sphere. — We  find  that  the  angles  of  torsion  are  all  equal, 
wliatever  point  is  touched ;  whence  we  conclude,  that  the  dis- 
tribution of  electricity  is  uniform  on  a  spherical  surface. 

Ellipsoide. — This  uniformity  ceases  to  exist  so  soon  as  the 
spherical  surface  becomes  slightly  spheroidal;  experiment 
gives  the  angles  of  torsion  greater  when  the  proof-plane  has 
touched  a  point  of  the  surface  of  an  ellipsoide  of  revolution 
near  to  the  ends  of  the  longer  axis,  than  when  the  point 
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touched  is  near  to  the  ends  of  the  short  axis.  The  electric 
reaction  is  greatest  at  the  yerj  extremities  of  the  great  axis, 
and  least  at  the  extremities  of  the  small  one ;  and  the  dif- 
ference between  the  two  reactions  is  the  more  considerable  as 
there  is  a  greater  difference  between  the  .length  of  the  two 
axes. 

Cylinders. — A  cylinder  of  2  in.  in  diameter  and  33^  long, 
terminated  by  two  hemispheres,  when  touched  successively 
by  the  proof-plane  at  the  middle,  or  at  one  of  its  extremities, 
manifests  electric  reaction,  of  which  the  first  is  to  the  second 
as  1  is  to  2*30.  By  comparing  the  middle  point  of  the 
cylinder  with  a  point  taken  at  9*8  in.  from  the  extremity,  the 
relations  of  the  electric  reactions  were  found  to  be  as  1  to  1*25. 
It  follows  from  this  that  the  electric  reaction  varies  but  little 
from  the  middle  of  the  cylinder  to  2  in.  from  its  extremities ; 
and  that  it  increases  from  this  distance  to  the  yery  extremity, 
where  it  is  at  its  maximum. 

Plane  Surfaces  and  Prismatic  Bodies. 

Thin  plates,  whose  length  is  at  least  double  their  width,  pre- 
sent an  electric  reaction  which  is  very  nearly  constant  from 
the  middle  to  about  an  inch  from  the  extremity ;  this  reaction 
goes  on  increasing,  from  this  distance,  to  the  extremity  itself. 
At  the  extremities  of  the  plate,  the  reaction  is  double  of  what 
it  is  in  the  middle ;  and,  if  the  proof-plane  is  placed  on  the 
prolongation  of  the  plate,  it  is  quadrupled.  In  a  circular 
plate  the  electric  reaction  goes  on  increasing  from  the  centre 
to  the  edges ;  however,  this  increase  does  not  become  very 
sensible  till  about  an  inch  from  the  edge :  at  about  a  third  of 
an  inch  from  the  edge  the  reaction  is  double  what  it  is  at  die 
centre ;  it  is  triple  at  the  edge  itself.  The  increase  of  the 
electricity  towards  the  extremities  is  found  in  prismatic  bodies, 
especially  when  they  are  very  elongated.  It  exists,  in  like 
manner,  toward  their  edges. 

Spheres  in  contact. 
If  the  spheres  are  equal,  the  distribution  of  the  electricity 
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greatly  resembles  what  it  is  upon  a  cylinder.  Thus  in  a 
series  of  twenty-four  globes,  placed  in  contact  in  a  straight  line, 
the  electric  reaction  varies  very  little  in  the  middle  globes 
from  those  which  precede  the  latter  ones,  but  considerably 
between  the  two.  extremes  and  those  which  immediately 
follow.  Thus  the  electric  reaction  of  the  extreme  globes  is  to 
that  of  the  middle  globes  as  1*75  :  1*00.  With  two  equal 
spheres  in  contact,  the  electricity  goes  on  increasing  from  the 
point  of  contact,  where  it  is  null,  to  the  extremities  of  the' 
common  diameter  that  passes  through  this  point, — extremities 
where  it  is  at  its  maximum.  If  the  spheres  in  contact  go  on 
diminishing  in  size,  from  one  end  to  the  other,  the  electric 
reaction  goes  on  increasing  from  the  largest  to  the  smallest, 
where  it  is  most  considerable. 

Power  of  Points. 
The  electric  reaction  is  so  considerable  at  the  extremity  of 
a  point  that  the  electricity  escapes  from  it,  to  be  carried 
through  the  air  to  the  nearest  bodies,  or  to  diffuse  itself 
simply  in  the  atmosphere.  This  effect  of  points  is  a  con- 
sequence of  the  distribution  of  electricity.  We  have  seen, 
indeed,  that  in  an  ellipsoide  the  electric  reaction  is  greater  at 
the  extremity  of  the  greater  axis  than  at  the  extremity  of  the 
small  one ;  and  that  the  difference  is  the  more  considerable 
as  the  two  axes  differ  the  more  from  each  other.  It  is  the 
same  with  respect  to  a  cylinder,  which,  when  it  is  ex- 
tremely long  in  regard  to  its  diameter,  presents  at  its  ex- 
tremities a  very  great  electric  reaction.  In  this  case,  as  in 
that  of  the  very  elongated  ellipsoide,  this  reaction  may  become 
such  that  the  electricity  escapes.  This  is  exactly  what 
happens  with  a  point,  which  may  be  regarded  as  being  the 
extremity  of  a  very  elongated  ellipsoide  or  cylinder,  or  rather 
of  a  series  of  spheres  in  contact,  whose  dimensions  go  on 
gradually  decreasing. 

Methods  for  taking  account  of  the  Loss  of  JElectridty. 
The  experiments  upon  the  distribution  of  electricity  are 
subject  to  a  source  of  errors,  which  we  must  know  how  to  take 
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into  account^  and  which  arise  from  our  not  heing  ahle  to 
touchy  at  the  same  moment  of  time^  the  two  points  of  an 
electrised  condnctor  whose  electric  reactions  we  are  desirous 
of  comparing :  now,  during  the  time  that  has  elapsed  between 
the  instant  when  one  of  the  points  was  touched,  and  that  wheii 
the  other  was  touched,  a  portion  of  the  electricity  with  which 
the  body  was  charged  has  escaped,  either  by  the  air,  which  is 
always  more  or  less  moist,  or  by  the  supports,  which  are  never 
perfectly  insulating.  It  follows  that  the  experiment  gives, 
for  the  second  point  touched,  an  electric  reaction  relatively 
more  feeble  than  that  which  should  have  been  recognised. 

Coulomb  endeavoured  to  take  into  account  this  cause  of 
error  by  estimating  beforehand  what  the  loss  should  be. 
With  this  view  he  distinguished  the  part  of  the  loss  that  is 
due  to  the  ambient  air,  from  that  arising  from  the  imperfection 
in  the  insulating  property  of  the  supports.  With  regard  to  the 
influence  of  the  former  cause,  he  found  that  it  depended  on 
the  degree  of  the  humidity  of  the  air ;  and  he  succeeded  in 
drawing  out  tables,  which  give  for  each  degree  of  the  hygro- 
meter the  corresponding  loss  of  electricity ;  namely,  the  re- 
lation existing  between  the  quantity  which  the  body  loses  in 
one  minute,  and  that  which  remains  to  it  after  this  minute. 
In  order  to  estimate  the  part  played  by  the  supports  in  the 
loss  of  electricity,  he  made  various  experiments  with  threads  of 
different  substances,  such  as  silk,  glass,  wax,  gum-lac,  &c.,  all 
of  the  same  diameter  and  of  variable  lengths.  He  discovered 
that  the  insulating  property  of  these  threads  varies  for  each 
with  the  intensity  of  the  electricity  and  with  their  proper  length, 
— that  there  exists  consequently  a  certain  degree  of  intensity 
of  electricity,  for  which  they  are  perfectly  insulating:  but 
that  this  degree  depends  upon  their  length  and  their  nature. 
Thus,  a  thread  of  gum-lac  insulates  a  quantity  of  electricity 
ten  times  greater  than  can  be  insulated  by  a  silk  thread  of  the 
same  diameter.  A  thread  of  any  nature  whatever  insulates  a 
quantity  of  electricity  which  is  proportional  to  the  square,  root 
of  its  length. 

These  laws  are  not  general,  for  they  are  only  verified  if 
the  supports  arc  long  and  slender  like  threads;  moreover, 
they  are  often  altered  by  the  property  that  supports  of  a 
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certain  nature  possess^  such  as  those  of  glass^  to  attract 
moisture  from  the  air  upon  their  surface,  which  notably 
diminishes  their  insulating  property. 

To  take  account  of  the  loss  of  electricity,  it  is  therefore 
better  to  employ  another  method,  which  is  that  employed  by 
Coulomb  in  preference  in  his  experiments ;  it  is  the  method 
of  alternatives  or  means.  It  consists  in  this :  we  first  touch 
one  of  the  points  of  the  surface  of  the  electrised  body  with  the 
proof-plane,  and  convey  it  to  the  torsion  balance ;  then,  at  the 
end  of  a  certain  time,  as  short  as  possible,  we  touch  another 
point  and  operate  in  like  manner:  we  touch  a  second  time 
the  first  point  at  the  end  of  a  time  equal  to  that  which  elapsed 
between  the  two  experiments.  We  take  the  mean  of  the  two 
angles  of  torsion  that  were  obtained  by  touching  the  first 
point  of  the  surface  twice :  this  mean  angle  is  the  same  as  that 
which  would  have  been  obtained  directly  by  experiment,  had 
we  been  able  to  touch  the  first  point  at  the  same  instant  that 
we  touched  the  second.  In  fact,  the  loss  of  electricity  being 
approximately  uniform  during  a  certain  time,  the  same  quan- 
tity must  have  been  lost  in  the  interval  that  separated  this 
third  experiment  from  the  second,  as  in  that  which  separated 
the  first  from  the  second.  The  mean  of  the  results  of  the  first 
and  the  third  experiments  represents,  therefore,  an  experiment 
made  with  an  electric  state  similar  to  that  under  the  influence 
of  which,  the  second  was  made. 

Among  the  experiments  of  Coulomb,  of  which  we  have 
already  spoken,  I  choose  the  following,  which  wiU  very  well 
enable  us  to  understand  the  method  of  alternatives.  It  refers 
to  an  insulated  steel  plate,  12  inches  long,  1  inch  wide,  and 
^yth  inch  thick.  The  proof-plane  was  1  inch  wide.  Coulomb 
first  applied  the  proof-plane  to  the  middle  of  the  plate,  then  to 
1  inch  distance  from  the  extremity;  and  he  obtained  the 
following  results : — 

Touched  at  the  middle  -  -  -  .  370** 

1  inch  from  the  end  -  .  -  440® 

the  middle  a  second  time  -  -  S5(f 

1  inch  from  the  end  a  second  time  -  395® 

the  middle  a  third  time    -  -  -  320°  

mean       ....  -  347®  417®-5; 
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whence  we  conclude  that  the  relations  between  the  electric 
reactions  of  the  middle  of  the  plate,  and  of  the  part  I  inch 
from  the  edge,  are  as  347"*  to  417°-5,  or  as  1  to  1-20. 

Employment  of  the  Proof-plane  in  the  preceding  Experiments. 

The  employment  of  the  proof-plane  for  determining  the 
relative  quantities  of  electricity  that  are  found  on  the  different 
points  of  the  surface  of  the  electrised  conductor,  has  given 
rise  to  various  remarks  and  to  certain  objections,  which  we 
caimot  pass  by  in  sUence.  We  have  admitted  that  as  this 
plane  becomes,  so  to  speak,  a  part  of  the  surface  upon  which 
it  is  superposed,  to  take  it  away  is  virtually  to  take  away  this 
part  of  the  surface,  and  also  the  electricity  with  which  it  is 
charged*  This  manner  of  regarding  the  part  played  by  the 
proof-plane  is  contested.  Coulomb  admits  that  it  is  charged 
in  all  with  a  quantity  of  electricity  double  that  possessed  by 
the  part  of  the  surface  with  which  it  is  placed  in  contact,  so 
that  each  of  its  two  faces  has  as  much.  He  bases  his  assertion 
upon  the  fact,  that  if  an  electrised  and  insulated  sphere  is 
touched  with  an  insulated  but  unelectrised  disc,  of  which  one 
of  the  two  surfaces  is  equal  to  that  of  the  sphere,  the  latter, 
after  the  contact,  has  only  one  tliird  of  the  electricity  that  it 
had  before ;  the  disc,  therefore,  has  taken  the  double  of  what 
remained,  an  effect  that  is  due  to  its  two  surfaces,  which  are 
each  equal  to  that  of  the  sphere,  becoming  each  charged 
equally  with  electricity.  This  is  exactly  the  case  with  the 
proof-plane,  which  is  itself  merely  a  disc.  We  must  observe, 
however,  that  if  this  disc  is  sufficiently  small  to  be  confounded 
with  the  element  of  the  surface  upon  which  it  is  applied,  the 
former  mode  of  regarding  its  effects  is  more  accurate  than  the 
latter,  which  supposes  a  disc  of  the  same  surface  as  the  body 
with  which  it  is  placed  in  contact. 

But  whatever  may  be  the  absolute  quantity  of  electricity 
diat  the  proof-plane  takes,  the  important  matter  is,  that  it 
always  takes  a  quantity  proportional  to  the  electric  reaction 
of  the  part  of  the  surface  with  which  it  is  placed  in  contact. 
But  this  actually  does  take  place,  as  is  proved  by  many  of 
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Coulomb's  experiments,  especially  the  following.  We  take 
two  insulated  conducting  cylinders,  perfectly  similar*  We 
electrise  one  of  them,  and  determine  with  the  proof-plane  the 
relation  existing  between  the  electric  reaction  of  a  point 
situated  at  the  middle  of  its  length,  and  that  of  a  point 
situated  at  its  extremity.  We  then  touch  the  electrised 
cylinder  with  the  one  that  is  not  electrised;  it  is  evident 
that  the  total  electricity  must  be  divided  between  the  two 
with  perfect  equality;  consequently ,  the  one  that  was  electrised 
has  in  each  of  its  points  only  one  half  of  the  electricity  that  it 
had  formerly ;  but  the  relation  between  the  electric  reaction 
of  the  point  taken  at  the  middle  and  of  the  point  situated  at 
the  extremity,  must  still  remain  the  same.  The  proof-plane 
confirms  this  conclusion ;  a  proof  that,  whatever  may  be  the 
absolute  quantity  of  electricity,  it  takes  from  it  a  quantity 
proportional  to  that  possessed  by  the  part  of  the  surface  upon 
which  it  is  applied. 

We  may  add,  that  the  absolute  quantity  of  electricity  that 
the  disc  carries  away  is  always  very  small  in  relation  to  what 
the  electrised  body  possesses :  so  that,  without  sensible  error, 
we  may  affirm  that  the  contact  of  the  plane,  when  it  has  only 
been  repeated  for  an  inconsiderable  number  of  times,  in  no 
degree  modifies  the  electric  state  of  the  body. 

More  serious  objections  have  been  made  by  Sir  Wm.  Snow 
Harris  to  the  employment  of  the  proof-plane  :  numerous 
experiments  have  proved  to  him  that  the  quantity  of  electri- 
city, taken  away  from  the  surface  of  a  body  by  means  of  a 
small  and  thin  insulated  disc,  may  be  influenced  by  the 
position  of  the  point  of  application,  independently  of  the 
quantity  of  electricity  possessed  by  this  body  at  the  point 
touched ;  so  that  the  same  quantity  may  exist  in  two  different 
points,  and  yet  the  proof-plane  may  be  charged  unequally 
when  it  is  put  in  contact  with  these  two  points.  It  may  even 
happen  that,  by  the  effect  of  the  action  of  the  neighbouring 
points,  the  proof-plane  is  not  at  all  charged,  even  when  the 
element  of  the  surface  with  which  it  is  placed  in  contact  is 
strongly  electrised.  These  singular  anomalies  are  due  to  the 
effect  of  action  at  a  distance,  or  the  induction  exercised  by 
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the  electrised  bodies  upon  those  that  are  not  so ;  phenomena, 
the  study  of  which  forms  the  subject  of  the  following  chapter. 
But  before  terminating  this,  we  may  add  that  Sir  W.  Harris's 
objections  cannot  shake  the  confidence  that  philosophers  place 
in  the  results  obtained  by  Coulomb,  at  least  in  the  more 
simple  cases,  such  as  those  which  concern  the  distribution  of 
electricity  in  conducting  bodies  of  a  regular  form.     Perhaps 
where  bodies  of  irregular  form,  or  where  many  bodies  in  contact, 
are  concerned,  there  might  be  a  new  study  to  make;  but  what 
process  can  we  employ  if  we  must  reject  this  of  the  proof- 
plane  ?     I  will  permit  myself  to  point  out  one,  which,  if  it  has 
not  the  precision  nor  the  sensibility  of  the  latter,  has  at  least 
the  advantage  of  manifesting  to  the  eye  in  a  direct  maimer 
the  law  that  is  followed  in  the  distribution  of  electricity.     It 
consists  in  taking  a  simple  electroscope  or  electric  pendulum, 
the  very  small  and  very  light  ball  of  which  is  charged  with' 
the  same  electricity  as  the  body  to  which  it  is  brought  near. 
We  then  see,  in  presenting  it  to  the  different  points  of  the 
surface  of  the  body,  that  it  is  more  or  less  repelled,  according 
to  the  points  in  front  of  which  it  is  placed.     Thus,  with  an 
ellipsoide,  the  distance  to  which  it  is  repelled  goes  on  in- 
creasing from  the  extremity  of  the  small  axis  to  the  extremity 
of  the  large.     With  a  sphere,  it  is  everywhere  equally  re- 
pelled.    The  slightest  differences  in  the  electric  reaction  are 
shown,  in  a  very  sensible  maimer  by  this  process,  which, 
although  it  is  not  in  itself  free  from  all  the  objections  pre- 
sented by  the  employment  of  the  proof-plane,  would  perhaps 
be  susceptible  of  being  usefully  perfected 
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CHAP.  UL 

ELECTBICITT  BT  INDrCTIOMr. 

Developement  of  EUctridty  by  Induction  in  an  VMulated  Con^ 

ductor. 

^  If  an  electrised  body  is  presented  to  an  insulated  conducting 

J  body,  signs  of  electricity  are  developed  in  the  latter^  even 

A  though  the  two  bodies  are  at  a  greater  or  less  distance  apart 

These  electric  signs  disappear  as  soon  as  the  electrised  body 

I  is  withdrawn.    This  phenomenon  constitutes  the  developement 

\of  electricity  at  a  distance  by  influence  or  by  induction. 

To  make  this  experiment  carefully,  we  take  an  insulated 
metal  cylinder,  B  (Fig.  42.),  and  attach  small  pith  ball  elec- 


i 


Ftp.  42. 


troscopes  to  different  points  of  its  surface.  We  gradually 
bring  another  electrised  body,  the  sphere  A-  for  example, 
near  to  this  cylinder,  taking  care  that  the  cylinder  is  placed 
so  that  one  of  its  extremities  faces  the  electrised  body.  When 
the  cylinder  is  not  more  than  an  inch  or  so  distant  from  the 
electrised  body,  the  electroscopes  are  seen  to  diverge,  at  least 
those  that  are  placed  at  its  two  extremities ;  for  the  electro- 
scopes that  are  attached  to  the  intermediate  points  diverge 
the  less  as  they  are  more  distant  from  the  two  ends,  and 
there  are  even  some  that  do  not  diverge  at  all.  If  the 
electrised  body  is  withdrawn,  the  balls  of  the  electroscope  fall 
back   into  a  natural   position,  and   all   trace  of  electricity 
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disappears.  If  the  electrised  body  is  again  brought  near^  the 
divergence  recommences  in  the  same  manner. 

This  is  not  all.  If,  whilst  the  electroscopes  are  direrging, 
the  electrised  ball  of  a  simple  electroscope  is  brought  near 
them,  we  perceive  that  the  electricity  which  they  manifest  is 
not  the  same  at  one  of  the  extremities  of  the  cylinder  as  it  is 
at  the  other.  At  the  extremity  nearest  to  the  electrised  body, 
it  is  of  the  contrary  nature  to  that  of  this  body,  negative  if 
the  former  is  positive ;  at  the  more  distant  extremity  it  is  of 
the  same  nature.  To  become  better  acquamted  with  the 
electrical  state  of  the  cylinder,  whilst  it  is  underthe  influence 
of  the  electrised  body,  we  must  touch  successively  the  dif- 
ferent points  of  its  surface  with  the  proof-plane,  that  we  em- 
ployed in  studying  the  distribution  of  electricity.  We  thus 
find  that  the  two  contrary  electricities  are  at  their  maximum 
at  the  two  extremities  of  the  cylinder ;  that,  setting  out  from 
these  extremities,  they  go  on  each  diminishing  in  intensity  up 
to  a  point  where  they  are  null,  and  which  on  this  account  is 
named  the  neutral  point.  The  neutral  pointy  is  never  in  the 
middle  of  the  cylinder ;  its  position  depends  on  the  distance 
at  which  the  two  bodies  are  placed  with  relation  to  each 
other,  and  on  the  intensity  of  the  electric  charge ;  but  it  is  in 
every  case  nearer  to  the  extremity  that  is  contiguous  to  the 
electrised  body. 

The  following  is  an  experiment  by  a  German  philosophev, 
Mr.  Mohr,  who  has  studied  this  subject  with  much  care,  a 
subject  on  which  much  light  had  been  already  thrown  by  the 
researches  of  Coulomb.  The  insulated  cylinder  was  65  c.  m. 
long ;  the  electrised  body  was  placed  at  the  distance  of  1  c.  m. 
from  one  of  the  extremities  of  the  cylinder ;  the  neutral  point 
was  found  on  the  surface  at  a  distance  of  only  1  c.  m.  from 
this  extremity.  Thus  the  negative  electricity  (the  electrised 
body  being  positive)  occupied  a  portion  of  the  surface  of  the 
cylinder  equal  to  only  1  c.  m.  in  length,  whilst  the  positive  oc- 
cupied the  other  part,  64  c.  m.  in  length.  An  increase  in  the 
respective  distances  of  the  two  bodies,,  as  also  a  diminution  in 
the  electric  charge  of  the  electrised  body,  would  have  changed 
these  proportions,  and  would  have  augmented  the  sp^u^  oc- 
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eupied  by  the  negative  electricity,  and  consequently  diminished 
that  occupied  by  the  positive,  without,  however,  this  latter 
ever  ceasing  to  be  superior  to  the  former. 

In  the  preceding  experiments  care  must  be  taken  to  place 
the  electrised  body  at  a  sufficient  distance  firom  the  insulated 
conductor,  so  that  no  portion  of  the  electricity  of  the  former 
shall  pass  into  the  latter.  If,  indeed,  this  distance  is  too  small, 
a  spark  is  seen  to  pass  between  the  two  bodies,  a  proof  that  a 
part  of  the  electricity  of  one  has  passed  into  the  other.  It 
may  even  happen,  if  the  air  is  moist,  that  this  passage  of 
electricity  takes  place  gradually,  in  an  invisible  manner ;  the 
insulated  conducting  body  is  then  electrised  by  communi- 
cation and  not  by  induction,  which  may  be  easily  recognised ; 
for,  after  having  been  withdrawn  from  the  influence  of  the 
electrised  body,  instead  of  returning  to  the  natural  state,  it  is 
found  charged  with  an  electricity  of  the  same  nature  as  that 
of  this  body. 

But  if,  on  taking  the  necessary  precautions  to  prevent  this 
transmission  of  electricity  from  taking  place,  we  connect  the 
insulated  conductor  with  the  ground  whilst  it  is  subjected  to 
induction,  we  find  it,  after  the  induction  has  ceased,  t^  be 
charged  with  an  excess  of  electricity  of  a  contrary  nature  tO/ 
that  of  the  electrised  body :  negative,  for  example,  if  the  latter 
is  positive.  Only  we  must  take  care  to  cut  off  the  communi- 
cation of  the  insulated  conductor  with  the  ground,  before 
withdrawing  it  from  induction ;  for,  without  this  precaution, 
its  negative  electricity  would  pass  away,  as  its  positive  had 
done. 

An  important  remark  to  make  is,  that  whilst  the  electrised 
body  electrises  a  conductor  by  induction,  it  does  not  itself 
experience  any  other  loss  of  its  electricity  than  what  results 
from  the  imperfection  of  the  insulating  supports  and  frxtm  the 
contact  of  the  air ;  and,  consequently,  what  it  would  have 
undergone  had  it  been  alone.  This  may  be  easily  proved  by 
touching  the  electrised  body  with  the  proof-plane  at  the  same 
point  both  before  and  afler  it  has  exercised  its  inductive 
action. 

The  phenomena  that  we  have  just  described  are  a  natural 
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consequence  of  the  theory  of  two  electric  fluids,  that  we  have 
laid  down  in  the  First  Chapter.  These  two  eminently  subtil 
fluids  are  endowed  with  the  property  that  the  molecules  of  the 
one  attract  the  molecules  of  the  other,  whilst  the  molecules  of 
the  same  fluid  mutually  repel  each  other.  We  muat  admit 
that  they  both  pre-exist  in  a  conducting  body ;.  because  we 
can  make  them  appear  there  without  communicating  any 
electricity  to  this  body.  But  they  pre-exist  there  in  such 
proportion  that,  when  abandoned  to  themselves,  they  are 
mutually  neutralised,  without,  however,  destroying  each  other.  / 
They  constitute  what  is  called  neutral  fluid ;  and  the  body  ^  / 
that  is  possessed  of  this  neutral  fluid  only,  is  said  to  be  in  the 
natural  electric  state;  whilst  it  is  positive,  or  vitreous^i  if  it 
possesses  an  excess  of  positive  electricity;  negative,  or  re- 
sinous, if  it  possesses  an  excess  of  negative  electricity. 

When  a  body,  positively  electrised,  is  presented  to  am  in- 
sulated conductor  that  is  in  the  natural  state,  the  positive 
electricity  of  this  body  decomposes  the  neutral  fluid  of  the 
conductor,  attracting  the  negative  fluid  and  repelling  the 
positive.  The  two  electricities  being  able  to  travel  freely  in 
the  conductor,  the  negative  goea  into  the  part  nearest  to  the 
electrised  body,  which  attracts  it,  and  the  positive  is  repelled 
into  the  more  distant  part  But  the  moment  the  electrised 
body  is  removed,  the  two  electricities  that  are  developed  in 
the  conductor  are  no  longer  subject  to  any  thing  but  their 
mutual  attraction ;  and,  as  they  are  in  equal  proportions,  they 
are  neutralised,  and  again  constitute  the  neutral  fluid.  If 
the  conductor  is  touched  whilst  imder  the  influence  of  the 
electrised  body,  its  positive  electricity,  being  driven  into  the 
ground  by  that  of  the  same  nature  possessed  by  the  electrised 
body,  is  not  regained  after  the  influence  has  ceased,  to  con- 
stitiite  again  with  the  negative  the  neutral  fluid.  On  this 
account  it  is  that  the  conductor  presents  an  excess  of  negative 
electricity. 

AAer  having  shown  how  the  phenomena  of  induction  enter 
into  the  theory,  we  will  return  to  it  again,  either  to  study 
them  under  difierent  forms,  or  to  explain  some  particular  facts 
that  depend  upon  them* 
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Developement  of  Electricity  by  Induction  in  several  successive 

Conductors. 
We  may  observe  firsts  that,  by  means  of  a  single  electrised 

I  body,  we  are  able  to  develop  electricity  by  induction  in  a 
very  great  number  of  insulated  conductors,  such  as  metal 

I  cylinders.  We  have  only  to  place  them  one  after  the  other 
in  the  same  line,  so  that  the  extremities  of  each  of  them  shall 
be  at  the  same  distance  from  the  extremities  of  the  one  that 
precedes  it  and  of  the  one  that  foUows  it  The  electrised 
body,  for  example,  a  positive  metal  sphere,  is  brought  near  to 
the  anterior  extremity  of  the  first  Each  metal  cylinder  is 
immediately  found  to  be  electrised  positively  in  the  extremity 
that  is  most  distant  &om  the  sphere,  and  negatively  in  the 
nearer  extremity. 

If  we  touch  the  last  of  the  cylinders  with  the  hand,  we 
enable  its  positive  electricity  to  pass  into  the  ground;  and 
iij  commonly  happens  that  the  negative  electricity  of  this  - 
latter,  being  rendered  more  free  by  the  departure  of  the 
positive,  by  which  it  was  kept  back,  unites  through  the  air 
under  the  form  of  a  spark  with  the  positive  of  the  last  but  one ; 
the  negative  of  the  latter  with  the  positive  of  the  following 
one ;  and  so  on  to  the  first,  whose  negative  electricity  com- 
bines with  the  positive  of  the  electrised  sphere.  These  sparks^ 
which  thus  escape  simultaneously  through  the  air,  are  a  sign 
of  the  neutralisation  of  the  contrary  electricities ;  whence  it 
follows  that  each  of  the  bodies,  after  the  phenomenon  has  taken 
place,  has  returned  to  its  natural  state.  If  we  take  away  the 
electrised  sphere,  without  having  made  any  of  the  cylinders 
communicate  with  the  ground,  the  neutralisation  of  the  two 
cylinders,  instead  of  occurring  from  one  to  the  other,  takes 
place  in  each  of  them  separately,  and  they  are  thus  also  found 
in  the  natural  state,  without  there  having  been  any  sensible 
exterior  effects. 

Effects  of  Points  in  the  Phenomena  of  Induction  and  in  the 
Electrical  Machine. 

The  effect  of  points  in  the  phenomena  of  induction  is  very 
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remarkable.  We  have  seen  that  the  pointed  form  determines^ 
in  the  part  of  the  conductor  that  possesses  it^  a  charge  or 
electric  reaction  so  much  more  considerable  than  in  the  rest 
of  its  surface  that  the  electricity  most  frequently  escapes  from  it 
to  go  either  into  the  air,  or  upon  the  nearest  conductors.  So^ 
when  an  electrised  body  is  presented  to  a  conductor,  that  is 
terminated  in  a  point  and  insulated,  the  electricity  of  the 
contrary  nature,  that  is  developed  by  induction  in  the  con- 
ductor, by  accumulating  at  its  point,  escapes  from  it  to 
neutralise  through  the  air  that  of  the  electrised  body :  thus  it 
is  that  the  conductor  of  an  electrical  machine  may  be  dis- 
charged, or  may  be  prevented  from  charging,  by  presenting 
to  it  at  a  distance  of  eight  or  ten  inches,  or  even  further,  a 
metal  point,  held  in  the  hand.  In  the  working  of  the  elec- 
trical machine  a  phenomenon  of  the  same  kind  takes  place. 
Each  part  of  the  glass  plate  that  has  been  electrised  by 
friction  passes  successively  before  the  points  of  the  insulated 
conductor  of  the  machine,  whose  natural  electricity  it  de- 
composes by  induction,  attracting  the  negative  and  repelling 
the  positive.  The  negative,  being  accumulated  at  the  points, 
escapes  from  them  to  neutralise  the  positive  of  the  plate, 
which,  on  passing  anew  between  the  cushions,  regains,  by  the 
friction  it  there  undergoes,  the  positive  electricity  it  has  lost 
With  regard  to  the  positive  electricity  of  the  conductor :  being 
deprived  of  the  negative  that  has  escaped  from  it  by  the 
points,  it  is  no  longer  able  to  produce  the  neutral  fluid,  and 
remains  consequently  in  excess;  on  this  account  it  is,  that 
after  a  certain  number  of  turns  the  insulated  conductor  of  the  \i^ 
machine  is  found  to  be  charged  with  positive  electricity.  It  i\  » V  '^ 
is  not,  therefore,  as  has  often  been  erroneously  said,  the  /  p  V 
positive  electricity  of  the  glass  plate  that  has  passed  into  the(  -,  ^  "^-^ 
conductor :  it  is  the  negative  of  the  conductor  that  has  passed\ 
out  by  the  points,  and  has  left  there  the  positive,  with  which  it  \ 
formed  the  neutral  fluid,  and  from  which  it  has  been  separated 
by  the  influence  of  the  plate.  This  inductive  action  continues 
to  accumulate  positive  electricity  in  the  conductor  until  each 
point  of  the  surfiu^  of  the  latter  has  a  reaction  equal  to  what 
each  point  of  the  surface  of  the  glass  acquires  by  its  friction 
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against  the  cushions.  Indeed,  when  this  limit  is  obtained, 
there  is  no  reason  why  the  electricity  of  the  conductor  should 
not  act  just  as  much  upon  the  plate,  as  the  electricity  of  the 
plate  upon  the  conductor.  There  is,  therefore,  equilibrium ; 
and  the  conductor  takes  no  further  charge :  we  can  therefore 
understand  that  the  charge  of  the  conductor  must  be  higher 
according  as  the  Motion  determined  upon  the  plate  is  more 
energetic ;  an  energy  which  itself  depends  on  the  quality  of 
the  glass,  on  that  of  the  rubbers,  on  the  manner  in  which  they 
are  more  or  less  properly  adjusted,  on  the  degree  of  dryness 
of  the  air,  and  on  the  greater  or  less  care  that  has  been  taken 
to  dry  and  clean  the  sur&ce  of  the  plate  itsel£ 

Action  at  a  Distance  by  Induction  upon  Electroscopes^ 

It  is  also  to  the  developement  of  electricity  by  induction 
that  we  must  connect  the  fact  of  its  not  being  necessary  to 
touch  an  electroscope  with  an  electrised  body  in  order  to  act 
upon  it,  but  that  it  is  sufficient  to  approach  it  with  this  body 
at  some  distance.  Indeed  this  body,  by  its  influence,  decom- 
poses the  natural  electricity  of  the  metal  parts  of  the  electro- 
scope situated  exteriorly,  attracts  near  to  it  the  electricity  of 
the  contrary  name  to  its  own,  and  repels  that  of  the  same 
name  into  the  gold  leaves,  the  blades  of  straw,  or  other  light 
substances  that  are  in  communication  widi  this  metal  part. 
The  electroscope  is  thus  found  charged,  while  under  the 
influence  of  the  electrised  body,  with  the  same  electricity  as 
that  possessed  by  this  body,  but,  in  order  to  preserve  it,  it 
must  then  be  touched  with  the  body  itself.  However,  if, 
whilst  it  is  subjected  to  the  inductive  action,  we  touch  it  with 
the  finger  on  any  part  of  its  exterior  metal  part,  it  is  then 
found  charged  with  an  electricity  contrary  to  that  of  the 
electrised  body,  provided  we  have  taken  care  to  remove  the 
finger  before  withdrawing  this  body.  The  fact  is,  the  elec- 
tricity of  the  same  name,  in  obeying  the  repulsive  action, 
instead  of  having  been  driven  into  the  gold  leaves,  has 
escaped  away  into  the  ground  by  the  intervention  of  the  body 
and  finger  of  the  observer.     There  therefore  remained  in  the 
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instrament,  when  it  was  withdrawn  from  the  indactive  action, 
an  excess  of  the  contrary  electricity;  which  caused  its  gold 
leaves  to  diverge.  This  is  a  more  expeditious  and  more 
convenient  mode  of  charging  the  electroscope :  but  we  must 
not  forget,  when  we  adopt  it,  that  the  electricity  which  it 
indicates  is  of  the  contrary  nature  to  that  of  the  body  with 
which  we  acted  upon  it. 

Electrophone. 

An  instrument,  founded  upon  the  principle  of  the  deve« 
lopement  of  electricity  by  induction,  and  which  may  in  many 
cases  advantageously  supply  the  place  of  the  electrical 
machme,  is  that  contrived  by  Volta,  the  Electrophorua.  It  is 
composed  of  a  cake  of  resin  poured  into  a  circular  mould  of 
wood  or  metal  of  any  diameter.  A  disc  of  metal,  or  of  wood 
covered  with  tin,  and  of  a  less  diameter  than  that  of  the  cake, 
is  Airmshed  with  an  insulating  handle  fixed  at  its  centre 
perpendicularly  to  its  surface.  This  disc  is  bounded  by  a 
rounded  edge,  so  as  to  avoid  sharp  comers, 
by  which  the  electricity  would  run  the 
risk  of  escaping  (Fig.  43.).  '  The  cake  of 
resin  is  electrised  by  beating  its  surface 
with  a  cat's  skin;  the  metal  disc  is  then 
Fig.  43.  placed  upon  it,  holding  it  by  the  metal 

handle ;  we  touch  it  with  the  finger,  and,  when  it  is  raised,  we 
find  it  charged  with  positive  electricity.  We  may  repeat  the 
experiment  a  very  great  number  of  times,  and  even  at  several 
days  apart,  without  its  being  necessary  to  electrise  the  cake 
anew.  The  latter  preserves  the  resinous  electricity  that  has 
been  developed  upon  its  surface  for  a  very  long  time,  on 
account  of  its  insulating  property,  and  its  small  tendency  to 
attract  moisture  firom  the  air.  We  must  only  take  care  to 
let  the  metal  disc  remain  upon  it,  the  presence  of  which 
prevents  the  loss  of  electricity  that  would  result  from  the 
contact  of  the  air.  It  is  not  necessary  to  add  that  it  is  the 
negative  electricity  of  the  cake  which,  by  decomposing  the 
natural  electricity  of  the  metal  disc,  drives  the  negative  into 
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the  ground  by  means  of  the  finger,  and  attracts  the  positive, 
which  is  found  in  the  disc,  as  soon  as  it  is  raised.  If  we 
raise  it  without  having  previously  touched  it  with  the  finger, 
we  then  find  it  charged,  not  with  positive  electricity,  but  with 
a  certain  quantity  of  negative  electricity,  which  it  has  taken 
from  the  cake  by  simple  communication.  This  quantity  is 
always  very  feeble  on  account  of  the  difficulty  the  electricity 
experiences  in  quitting  the  resin. 

The  positive  electricity  with  which  the  disc  is  charged  is 
sufficiently  energetic  to  give  strong  sparks ;  and  hence  it  is  used 
for  inflaming  gases  and  for  a  great  number  of  experiments. 
There  is  also  an  apparatus  called  the  electric  lamp,  wherein  a 
jet  of  hydrogen  is  inflamed  by  the  spark  given  by  an  electro- 
phorus>  the  metal  disc  of  which,  by  means  of  a/  silk  cord  fixed 
to  a  stop-cock  whereby  the  gas  escapes,  is  detached  from  the 
cake  of  resin  by  the  same  movement  that  opens  the  stop-cock. 
An  insulated  conductor,  that  just  touches  the  disc  when  it 
is  raised  by  the  movement  of  the  stop-cock,  is  terminated, 

towards  the  jet  of  hydrogen,  by  a 
fine  point  placed  opposite,  and  at  a 
very  small  distance  from  a  similar 
point  communicating  with  the 
ground.  It  is  between  these  two 
points  that  the  electric  spark  passes, 
which  thus  meets  and  inflames  the 
jet  of  hydrogen  gas.  This  gas  is 
itself  produced  afresh  in  the  appa- 
ratus, in  proportion  as  it  passes 
away,  by  means  of  a  zinc  rod, 
which  is  acted  upon  by  water  aci- 
dulated with  sulphuric  acid  {Fig. 
44.);  care,  however,  must  be  taken, 
in  order  that  the  instrument  may 
work  well,  to  electrise  the  cake  of 
resin  from  time  to  time  with  a  cat's 
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Explanation  of  the  Attraction  of  light  Bodies   by  electrised 

Bodies, 

The  primitive  phenomenon  of  electricity^  that  of  the 
attraction  of  light  bodies  by  an  electrised  body^  is  less  simple 
thaa  is  commonly  supposed.  It  is  a  tnie  phenomenon  of 
induction.  There  is  no  attraction^  neither  is  there  any  re- 
pulsion, between  an  electrised  body  and  a  body  that  is  not  so ; 
there  is  none  except  between  bodies  both  electrised.  Thus 
when  a  stick  of  rubbed  wax  is  presented  to  light  bodies,  such 
as  bits  of  paper  or  pith  balls,  the  stick  of  wax  decomposes 
their  natural  electricity,  repels  into  the  ground  their  negative 
electricity;  they,  still  retaining  an  excess  of  positive  elec- 
tricity, obey  the  attraction  which  a  negatively  electrised  body 
must  exercise  on  a  body  positively  electrised. 

In  support  of  this  manner  of  interpreting  the  phenomenon, 
we  may  quote  the  following  facts :  — 

The  first  is  that,  if  the  light  bodies  are  of  an  insulating 
material,  such  as  resin  or  glass,  they  are  not,  attracted  by  an 
electrised  body,  because  their  natural  electricity  cannot  be 
decomposed  so  easily  as  when  they  are  conductors.  The 
second  fact  is,  that  if  the  shreds  of  paper  or  the  other  light  - 
bodies  rest  upon  an  insulating  surface,  such  as  a  plate  of  glass 
or  resin,  they  are  no  longer  so  easily  attracted,  because  the 
one  of  their  two  electricities  that  is  repelled,  cannot  quit 
them  to  pass  into  the  ground:  then  the  other  electricity 
cannot  but  with  diflSculty  overcome  by  its  attractive  power 
the  repulsive  force  of  the  former.  That  there  may  be  no  at- 
traction at  all,  it  is  necessary  that  the  light  bodies  be  thin  and 
small ;  pith  balls,  if  their  diameter  exceeds  the  tenth  of  an 
inch,  are  attracted  when  the  electrised  body  is  brought  very 
near  to  them,  even  when  they  are  placed  upon  an  insulating 
surface  because  the  contrary  electricity  to  that  possessed  by 
the  body  is,  in  a  portion  of  their  surface,  that  is  sensibly  nearer 
than  is  that  portion  in  which  the  electricity  of  the  same  name 
is  accumulated. 


Digitized  by 


Google 


92  STATIC  ELECTRICITY.  pabt  it. 

Movements  produced  by  Electric  Induction,  and  ike  Electric 

Bells. 

A  very  interesting  and  Very  elegant  experiment  consists  in 
plying  upon  a  metal  disc,  provided  with  a  foot  communi- 
cating with  the  ground,  small  pith  or  cork  balls,  and  covering 
the  whole  with  a  bell-glass,  whose  upper  part  is  open,  and 
provided  with  a  collar  of  leathers,  through  which  a  rod  passes 
tightly,  and  carries  at  its  lower  extremity  a  disc  of  metal 
similar  to  the  former.  The  disc  is  placed  at  a  distance  of  six 
or  eight  inches  fix>m  the  former:  — in  each  case  we  determine 
by  trial  the  most  convenient  distance.  The  rod,  and  conse- 
quently the  upper  disc,  is  put  into  commu- 
nication with  the  conductor  of  an  electrical 
machine  in  action  {Fig,  45.)  ;  by  the  effect 
of  the  induction  that  we  have  described, 
the  positive  electricity  attracts  the  small 
pith  balls,  which,  on  arriving  into  contact 
with  the  lower  surface  of  the  disc  that  is 
constantly  positive,  discharge  themselves 
of  the  negative  electricity,  which  they  had 
acquired  by  induction,  and  take  from  it 
positive  by  communication,  which,  as  they 
are  immediately  repelled,  causes  them  to 
fall  on  the  lower  disc ;  and,  as  this  is  in  communication  with 
the  grotmd,  it  takes  away  from  them  their  positive  electricity. 
Being  restored  to  their  natural  state,  their  natural  electricity 
is  again  decomposed ;  they  are  again  attracted  and  repelled ; 
as  long  as  the  electricity  of  the  machine  arrives  at  the  upper 
disc,  they  continue  to  execute  these  alternate  movements, 
bounding  against  each  other  in  a  thousand  ways.  This  ex- 
periment, which  seems  to  be  nothing  more  than  a  simple  toy, 
owes  the  celebrity  it  has  enjoyed  to  its  having  given  rise  to  a 
theory  of  hail,  conceived  by  Volta,  and  which  we  shall  have 
occasion  to  set  forth  hereafter.  We  may  make  the  experi- 
ment more  simply  by  using  a  bell-glass,  whose  interior  sur- 
face is  to  be  electrised  by  touching  its  different  points  with 
the  conductor  of  an  electrical  machine  in  'action.     We  then 
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invert  it  upon  a  table  over  a  heap  of  small  pith  balls ;  and  they 
immediatelj  begin  dancing,  being  attracted  and  repelled  as 
they  successively  are  by  its  surface,  which, 
on  account  of  its  insulating  property,  pre- 
serves for  a  long  time  the  electricity  that  has 
been  given  to  it  (Fig.  46.). 

The  place  of  the  pith  balls  is  sometimes 
supplied  by  pieces  of  cork,  to  which  any  form 
is  given,  for  instance,  that  of  little  men :  this 
is  called  the  ^'  dance  of  puppets."  It  suffices  in 
this  case  to  place  two  discs,  one  of  which  is 
in  communication  with  the  conductor  of  the 
machine,   and  the  other  with   the  ground, 
parallel  with   each  other,  at  a  distance  of 
about  six  or  eight  inches,  but  which  may  be  greater  or  less  ac- 
cording to  the  power  of  the  machine ;  it  is 
between  these  discs  that  the  movement  takes 
place.     In  place  of  the  puppets  we  may,  in 
like  manner,  introduce  a  gold  leaf,  that  will 
be  seen  to  fly  about  between  the  metal  discs  ^ 
(Fig.  47.> 

An  apparatus,  founded  upon  the  same 

principle,  and  which  has  some  importance 

because  it  is  employed  in  several  cotmtries 

to  detect  the  presence  of  an  electrised  cloud, 

^•>-  ^''-  is  the  electric  beU   (Fig.  48.>      A  small 

metal  ball  affixed  to  the  end  of  a  silk  thread,  the  other 

end  of  which  is  attached  to  a  horizontal   support  forming 

part  of  the  apparatus,  is  suspended  between 

a  bell  communicating  with  the  ground,  and 

a  similar  bell  placed  in  communication,  by 

its  support,  with  the  source  of  electricity,  for 

example,  the    conductor  of   the   electrical 

machine.     The  small  ball  oscillates  between 

the  two  bells,  as  the  pith  ball  did  between 

the  two  discs,  and,  by  its  repeated  blows,  it 

l^.  4a,  gives  rise  to  a  succession  of  musical  sounds. 

The  same  apparpios  sometimes  carries  several  metal  balls. 
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similar  to  the  preceding  and  similarly  suspended^  and  also 
the  number  of  bells  necessary  for  the  backward  and  forward 
movements  to  operate.  The  whole  is  so  arranged  that  there 
is  alternately  a  bell  and  a  metal  ball,  and  that  one  of  the  two 
bells,  between  which  each  ball  is  placed,  communicates  with 
the  ground,  and  the  other  with  an  insulated  support  for 
transmitting  the  electricity  to  it 

Effect  of  Electricity  by  Induction  upon  a  Jet  of  Water, 

Among  the  numerous  experiments  to  which  the  develope- 
ment  of  electricity  by  induction  gives  rise,  we  shall  quote 
one  or  two  more  that  are  interesting  in  their  application. 

At  a  short  distance  from  the  conductor  of  an  electrical 
machine  in  action,  we  cause  drops  of  water  to  fall  upon  an 
insulated  plate,  communicating  with  an  electroscope,  from  a 
metal  receptacle  which  is  held  in  the  hand,  or  which  is  made 
to  communicate  with  the  ground  in  some  other  manner. 
The  drops  of  water,  after  they  fall,  indicate  an  electricity  of  a 
contrary  nature  to  that  of  the  conductor.  This  same  effect  is 
produced  in  a  still  more  sensible  manner  by  directing  upon 
the  metal  plate  the  jet  from  a  pressure  fountain,  which  is  held 
in  the  hand ;  taking  care  that  the  jet  passes  near  the  conductor 
of  the  machine.  In  these  experiments,  the  drops  of  water 
that  come  out  from  the  vessel  have  their  natural  electricity 
decomposed,  by  the  influence  of  the  conductor,  before  sepa- 
rating from  the  jet;  their  positive  electricity  is  driven  into 
the  ground,  the  negative  remains  in  the  water,  and  conse- 
quently affects  the  electroscope.  Professor  BalU  obtained  the 
same  result  by  substituting,  for  the  electricity  of  the  machine, 
the  positive  electricity  with  which  the  atmosphere  is  constantly 
charged.  He  collected  in  an  insulated  receiver  in  commu- 
nication with  an  electroscope  alone,  the  drops  of  water  that 
fell  from  a  very  elevated  jet,  and  he  always  found  them 
charged  with  negative  electricity:  this  was  an  effective 
induction  produced  by  the  positive  electricity  of  the  air.  It 
is  probable  that  the  negative  electricity,  which  Volta,  Trallis, 
and  other  philosophers  have  found  in  the  water  that  falls 
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from  natural  cascades,  has  the  same  origiii,  and  that  it  is  not 
due,  as  thej  appear  to  have  believed,  to  the  terrestrial  globe 
whence  these  drops  came  being  itself  negative.  At  least  we 
cannot  draw  this  conclusion  from  the  observation  that  we 
have  just  related,  because  it  is  very  naturally  explained  by 
the  simple  intervention  of  the  positive  electricity  of  the 
atmosphere. 

Action  of  Electricity  by  Induction  on  organised  Bodies. 

A  very  remarkable  effect  of  electric  induction  is  that 
which  is  presented  by  organised  bodies,  when  exposed  to  it 
Gtdvani  was  the  first  to  remark  that  a  frog,  whether  living  or 
killed  less  than  four  or  five  hours  previously,  when  suspended 
at  a  certain  distance  from  the  conductor  of  an  electrical  ma- 
chine, but  not  in  direct  communication  with  it,  experiences 
strong  commotions  when  the  conductor  is  charged,  and  still 
stronger  when,  after  it  has  been  charged,  we  discharge  it  by 
drawing  a  spark.  These  commotions  are  due,  the  former  to 
the  decomposition  of  the  natural  electricity,  which  takes  place 
in  the  body  of  the  animal  by  the  influence  of  the  positive 
electricity  of  the  machine;  the  latter,  which  is  much  the  more 
energetic,  to  the  sudden  recomposition  of  the  two  electricities 
which  is  brought  about  in  the  frog  itself  when  the  cause  of 
the  induction  suddenly  ceases  by  the  discharge  of  the  con- 
ductor of  the  machine.  The  commotions  of  this  kind,  which 
are  impressed  upon  the  body  of  the  animal  as  a  sort  of  con- 
vulsion, are  called  the  return  shock. 

In  presence  of  a  powerful  machine,  a  man  experiences 
similar  shocks.  When  two  persons  are  placed  near  the  con- 
ductor, if  one  of  them  draws  sparks,  the  other  each  time 
experiences  at  the  same  instant  a  violent  shock,  without  any 
trace  of  electricity  passing  between  him  and  the  conductor ; 
this  is  also  the  effect  of  the  return  shock.  When  we  shall  be 
referring  to  liie  effects  of  lightning,  we  shall  see  that  a  storm 
cloud  may  act  in  the  same  manner  and  strike  by  lightning, 
as  well  by  the  return  shock  as  by  the  direct  shock. 

Independently  of  this   effect,  a   person  placed  near  the 
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conductor  of  an  electrical  macliine  experiences  extraordinaiy 
sensations  in  the  face  and  hands  whilst  it  is  being  charged, 
his  hairs  stand  up  more  or  less  strongly,  a  spider's  web  seems 
to  cover  his  face :  these  effects  are  all  due  to  the  decomposition 
of  the  natural  electricitj  of  the  observer  by  induction  at  a 
distance,  and  to  the  escape  of  the  two  separated  electricities, 
the  one  into  the  ground,  the  other  through  the  air  towards 
the  electrised  conductor  * 
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Principle  of  disguised  Electricitiee. 

In  the  preceding  chapter  we  have  studied  the  effects  of 
induction,  by  directing  our  attention  only  to  the  body  upon 
which  it  operates.  But  the  body  that  produces  it  itself 
undergoes  a  kind  of  induction,  resulting  from  the  action 
exercised  upon  its  own  electricity  by  the  electricity,  that  it 
has  deyeloped  in  the  neighbouring  conductor.  This  double 
mutual  influence  of  the  two  electricities  gives  rise  to  the 
phenomena  of  disguised  electricity.  In  studying  them  we 
shall  make  use  of  an  apparatus  composed  of  two  perfectly 
similar  metal  discs  eight  or  ten  inches  in  diameter,  placed 
vertically  each  on  an  insulating  glass  support;  the  two  supports 
are  themselves  fixed  by  their  lower  extremity  to  a  piece 
movable  in  a  slide,  so  that,  with  a  handle  or  by  any  other 
means,  we  can  separate  the  two  discs  or  bring  them  as  near 
as  possible ;  the  two  faces  always  remaining  perfectly  parallel* 
Each  disc  carries  a  pith-ball  electroscope.     We  shall  call  one 

of  the  discs  A,  and  the  other 
B  {Fig,  49.).  We  electrise  a, 
and  bring  towards  it  b,  whose 
natural  electricity  is  immedi- 
ately decomposed  by  the  in- 
fluence of  A,  which  we  will 
suppose  positive.  We  touch 
B  with  the  finger,  in  order  to 
allow  of  the  escape  of  its  posi- 
tive electricity ;  the  electroscope  of  B  immediately  ceases  to 
diverge,  and  that  of  A  gives  now  only  a  very  feeble  diver- 
gence.     But  if  A  and  b  are  withdrawn  from  each  other, 
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taking  care  not  to  touch  them^  we  immediately  perceive  the 
two  electroscopes  to  diverge  strongly;  that  of  B  indicates 
negative  electricity,  that  of  a  positive*  We  again  bring  the 
discs  near  to  each  other,  and  the  divergence  of  the  electro- 
scope of  B  again  ceases,  and  that  of  the  electroscope  of  a 
diminishes.  The  same  phenomenon  may  be  produced  several 
times,  if  the  air  is  very  dry  and  the  supports  are  good 
insulators ;  for,  without  this  precaution,  the  loss  of  the  elec- 
tricity, with  which  the  discs  are  charged,  would  be  brought 
about  rapidly,  and  the  effects  would  very  quickly  cease. 
The  total  disappearance  of  the  electricity  of  B,  and  of  the 
greater  portion  of  that  of  A,  is  only  apparent,  since  we  have 
merely  to  separate  the  two  discs  from  each  other,  for  the  two 
electricities  to  appear  again  with  all  their  intensity ;  they  are 
called  disguised  when  they  are  in  that  latent  state  resulting 
from  the  proximity  of  the  discs.  This  state  is  attributed  to 
the  tendency  that  the  two  electricities  would  have  to  go 
towards  each  other  by  virtue  of  their  mutual  attraction,  a 
tendency  which  they  cannot  obey  on  account  of  the  resistance 
opposed  to  their  union  by  the  interposed  body  of  insulating 
air.  This  tendency  carries  them  entirely  to  the  portions  of 
the  surfaces  of  the  two  discs  that  are  contiguous ;  and  then 
they  are  neutralised,  as  it  were,  the  one  by  the  other :  we  say 
as  it  werCy  because  if  they  were  actually  neutralised  they 
would  no  longer  re-appear  separately  when  the  two  discs  are 
separated.  This  circumstance  it  is  that  establishes  the  dif- 
ference between  the  two  states,  and  which  has  caused  the 
name  of  disguised  electricities  to  be  applied  to  the  phenomenon 
on  which  we  are  engaged,  to  distinguish  it  from  the  state  of 
neutralised  electricities. 

We  have  said  that,  whilst  in  the  disguised  state,  not 
any  of  the  electricity  of  B  was  sensible,  and  a  small  portion 
only  of  that  of  A  remained  apparent.  This  portion  is  named 
free  electricity.  It  arises  because  a,  on  account  of  the  distance 
that  separates  it  from  b,  has  not  been  able  to  develope  by 
induction  in  B  a  quantity  of  negative  electricity  as  consi- 
derable as  that  which  it  possesses  itself.  It  follows  from  this, 
tiiat,  whilst   the  latter,   notwithstanding    the   distance  and 
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because  it  is  the  stronger^  is  able  to  disguise  all  the  negative 
of  B,  the  latter^  being  more  feeble^  is  not  able  in  its  turn  to 
disguise  all  the  positive  of  A ;  there  remains  therefore  upon 
A  a  certain  proportion  that  is  not  disguised^  but  which  serves, 
with  that  which  is  so,  to  disguise  all  the  negative  electricity 
of  B.  We  touch  A  with  the  finger ;  immediately  the  small 
quantity  of  free  electricity  that  it  possessed  disappears ;  the 
disguised  does  not  pass  away  into  the  ground,  being  retained 
by  the  action  of  b  ;  at  the  same  instant  when  the  electroscope 
of  A  ceases  to  diverge,  that  of  B  diverges  in  its  turn, — a  proof 
that  the  electricity  of  B  is  no  longer  disguised  in  toto ;  and 
which  taJces  place  because  a  has  lost  a  portion  of  its  electricity. 
One  part  of  the  electricity  of  B  has  thus  become  free  in  its 
turn,  without,  however,  there  having  been  a  diminution  in  the 
total  quantity  of  electricity  that  was  possessed  by  the  disc,  a 
quantity  which  continues  to  disguise  the  same  proportion  of 
that  of  A.  This  proportion  has  become  the  total,  since  its 
free  portion  has  been  taken  from  A.  If  B  is  now  touched,  or 
the  part  of  the  electricity  that  had  become  free  on  this  body 
is  removed,  then  a  portion  of  that  which  was  disguised  on  a 
by  the  action  of  the  total  of  the  electricity  of  B,  becomes  free : 
this  double  effect  is  made  manifest  by  the  absence  of  diver- 
gence in  the  electroscope  of  b,  and  the  appearance  of  a  slight 
divergence  in  that  of  A.  We  may  again  take  away  from  A 
this  new  dose  of  fi'ee  electricity,  and  make  one  arise  imme- 
diately upon  B;  then  touch  B,  and  so  on,  until,  having 
gradually  made  all  the  electricity  pass  away  from  each  of  the 
discs  into  the  state  of  liberty  by  successive  small  doses,  we 
have  completely  discharged  them.  This  is  what  we  term  the 
slow  recomposition  of  the  two  electroscopes.  The  sudden  recorri' 
position  is  that  which  takes  place  when,  on  uniting  the  twa 
discs  by  the  two  branches  of  a  discharging  rod,  we  allow  the 
two  disguised  electricities  to  imite  immediately  through  a  thin 
stratum  of  air,  which  they  do  by  giving  rise  to  a  spark,  that 
darts  with  much  brilliancy  and  noise. 

The  disguise  of  the  electricities  is  the  more  complete  when 
the  discs  are  nearer  to  each  other,  which  is  due  to  the  mutual 
attraction  of  the  two  electricities  becoming  stronger  ^s  the 
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distance  is  feebler.  But  we  must  leave  a  stratum  of  air 
sufficiently  insulating,  and  consequently  sufficiently  tliick,  to 
oppose  the  direct  reunion  under  the  form  of  a  spark  of  the 
two  opposed  electricities :  thus  the  distance  at  which  the  two 
discs  may  be  brought  in  respect  to  each  other,  depends  on  the 
intensity  of  the  electric  charge  that  is  given  to  A,  and  on  the 
degree  of  humidity,  and  consequently  on  the  insulating  fa- 
culty, of  the  air. 

However,  much  more  decided  effects  may  be  obtained  by 
putting,  in  place  of  the  stratmn  of  air,  a  substance,  such  as 
glass  or  resin,  which  is  perfectly  insulating,  even  when  it  is 
in  a  very  thin  plate.  It  is  then  an  easy  matter  to  bring  the 
discs  to  a  very  small  distance  from  each  other,  without 
running  the  risk  of  producing  the  neutralisation  of  the  two 
electricities.  It  hence  follows  that  A  developes  by  induction 
in  B  a  much  greater  quantity  of  negative  electricity ;  and,  in' 
its  turn,  a  much  higher  proportion  of  the  electricity  of  A  is: 
disguised*  In  practice,  the  choice  of  this  insulating  substance^ 
and  the  distance  to  be  given  to  it,  depends  upon  the  olgect  in 
view.  This  object  is  two-fold,  and  has  given  rise  to  two 
apparatus,  known  under  the  name  of  the  Condenser  and 
the  Leyden  Jar.  We  will  commence  by  explaining  the 
common  principle  upon  which  they  depend;  and  will  then 
pass  on  to  the  differences,  by  wliich  they  are  characterised 
with  regard  to  the  object,  and  conseiquently  with  regard  to 
the  form,  that  is  given  to  them. 

Theory  of  the  Condenser  and  the  Leyden  Jar, 

We  have  seen  that,  with  any  electrical  machine,  a  con- 
ductor cannot  acquire  a  stronger  charge  of  electricity  than  • 
that  which  is  impressed  upon  the  different  points  of  its 
surface  by  an  electric  reaction  equal  to  that  of  the  plate. 
It  is  the  fiame  with  every  source  of  electricity.  The  charge^ 
therefore,  varies  with  the  electric  reaction  of  the  source ;  but 
the  total  quantity  of  electricity  accumulated  upon  an  insu- 
lated conductor  may  be  increased  by  the  effect  of  the  same 
source,  by  extending  the  surface  of  this  conductor.     In  fact,. 
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as  the  electricity  with  which  a  conductor  is  charged  is  able  to 
move  freely  in  it,  it  is  enough  to  touch  it  in  one  point,  in 
order  that  the  whole  may  enter  it;  and,  as  each  element  of 
the  surface  has  the  same  electric  reaction,  namely,  that  of  the 
source,  the  more  this  surface  shall  be  extended,  the  more 
elements  there  will  be  having  the  same  electric  reaction ;  the 
greater,  consequently,  will  be  the  sum  total  of  electricity.  It 
was  on  this  principle  that  Volta  contrived  a  system  of  elec- 
tric conductors  terminated  by  hemispheres,  and  suspended  by 
means  of  insulating  silk  cords.  He  put  them  in  communi- 
cation with  the  conductor  of  an  electric  machine  in  action, 
and  he  thus  accumulated,  by  means  of  the  same  machine,  a 
quantity  of  electricity  as  much  greater  as  the  sum  of  these 
conductors  presented  a  more  considerable  surface.  He  named 
these  conductors  secondary  conductors.  This  process  pos- 
sessed the  inconvenience  of  requiring  an  embarrassing  deve- 
lopement  of  conductors,  besides  that  of  spreading  a  given 
quantity  of  electricity  over  a  very  great  surface,  and  of 
exposing  it  by  this  means  to  a  rapid  loss  by  the  contact  of 
the  air. 

The  principle  of  disguised  electricities  has  furnished  the 
means  of  attaining  the  same  end,  avoiding  also  the  incon- 
veniences, that  we  have  pointed  out;  and  this  by  permitting 
a  greater  quantity  of  electricity  to  accumulate  upon  a  given 
surface  than  that  with  which  it  would  be  charged  natui*ally. 

In  order  that  we  may  obtain  a  better  idea  of  the  manner 
by  which  this  result  is  obtained,  let  us  return  to  the  apparatus 
that  we  employed  when  demonstrating  the  principle ;  and  let 
us  put  the  disc  A  in  communication  with  the  source  of  elec- 
tricity. Each  of  the  points  of  this  disc  will  acquire  an  elec- 
tric reaction  equal  to  that  of  the  source.  Let  us  bring  the 
disc  B  near,  and  touch  it  with  the  fingers.  Immediately,  in 
conformity  with  what  we  have  seen,  the  greater  portion  of 
the  electricity  of  A  will  be  disguised,  a  certain  quantity  only 
will  remain  free,  which,  by  diffusing  itself  throughout  the 
surface,  will  determine  in  each  of  its  points  an  electric  reac- 
tion much  inferior  to  the  primitive ;  but  A,  being  in  commu- 
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nication  with  the  source^  will  be  able  to  regain  electricity  in 
sufficient  quantity,  that  the  electric  reaction  in  each  of  the 
points  of  its  surface  will  again  become  equal  to  that  of  the 
source.  A  new  decomposition  of  the  natural  electricity  of  B 
is  brought  about,  and  a  new  disguise  of  that  of  A ;  but  at  each 
operation  the  quantity  that  remains  free  will  become  greater, 
because  it  is  the  same  proportion  of  the  total  electricity  for 
the  same  distance  of  the  two  discs :  the  greater  the  total  amoimt 
of  the  absolute  quantity  becomes,  the  more  also  does  the  pro- 
portional quantity  increase.  When  this  free  quantity  shall 
have  become  such  that  of  itself  alone  it  gives  at  each  of  the 
Doints  of  the  disc  A  an  electric  reaction  equal  to  that  of  the 
source,  it  will  then  have  arrived  at  the  limit  of  possible  accu^ 
mulation.  The  disc  A  will  contain,  at  this  moment,  a  total 
quantity  of  electricity,  composed  of  two  elements,  namely,  the 
disguised  portion  and  the  free  portion,  the  electric  reaction  of 
which  latter  is  equal  to  that  of  the  source,  and  will  be  that 
with  which  the  disc  would  be  charged,  were  it  not  under  the 
influence  of  B,  namely,  had  it  remained  in  the  ordinary  con- 
ditions. 

We  have  therefore  succeeded  in  condensing  into  A  a  much 
more  considerable  quantity  of  electricity  than  would  have 
been  accumulated  in  it  by  simply  placing  it  in  communication 
with  the  source.  We  have  then  merely  to  remove  A  from 
B,  in  order  to  make  the  disguised  part  free,  which  then  adds 
itself  to  that  which  is  not  so ;  and  then  to  obtain,  on  each 
element  of  the  surface  of  A,  an  electric  reaction  very  superior 
to  that  of  the  source,  from  which,  however,  it  had  been 
charged.  The  condensing  power  of  the  apparatus  is  the 
relation  existing  between  the  total  quantity  of  electricity  with 
which  the  plate  is  charged,  when  it  is  under  the  influence  of 
B,  and  that  with  which  it  is  charged  when  it  is  not  under 
this  influence.  In  order  to  obtain  this  relation,  we  have 
merely  to  determine  with  the  proof-plane  and  the  torsion 
balance  the  electric  reaction  of  a  point  upon  the  surface  of 
A  when,  being  under  the  influence  of  B,  there  is  only  a  feeble 
portion  of  its  electricity  that  is  free,  and  when,  being  out  of 
this  influence,  the  whole  of  the  electricity  with  which  it  is 
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charged  has  become  firee.  This  mode  of  determination  cannot 
be  .applied  to  the  case  in  which  the  electricity  possessed  by. 
the  apparatus  is  very  feeble,  —  the  case,  too,  of  most  im- 
portance ;  for  the  portion  that  is  free  is  too  inconsiderable  for 
the  proof-plane  to  be  sensibly  affected  by  it  In  this  case  it 
is  better,  when  the  two  discs  are  separated,  to  touch  them 
successively  with  the  proof-plane,  and  so  to  determine  the 
relation  existing  between  their  total  charges.  By  means  oi 
this  relation,  and  by  a  very  simple  calculation,  we  are  enabled 
to  arrive  at  that  existing  between  the  total  electricity  with 
which  the  disc  A  is  charged,  and  the  quantity  of  electricity 
that  it  retains  in  the  free  state,  when  it  is  under  the  influence 
of  B ;  which  was  what  we  wanted  to  know. 

The  condensing  power  is  the  greater  as  the  insulating 
stratum  by  which  the  discs  are  separated  is  thinner;  but  it 
must  not  be  su£Sciently  thin  to  allow  the  two  electricities  to 
unite  through  this  stratum*  And  here  it  is  that  we  must 
distinguish  between  the  two  ends  proposed  with  condensing 
apparatus.  One  of  these  ends  is  to  endeavour  by  their  action 
to  make  manifest  on  the  ele-ctroscope  amounts  of  electricity, 
whose  reaction  would  be  too  feeble  to  act  directly  upon  it ;  we 
must  therefore  have  as  thin  an  insulating  stratum  as  possible ; 
because,  on  the  one  hand,  the  condenser  must  be  as  powerful 
as  possible,  and,  on  the  other  hand,  there  is  no  risk,  if  the 
material  of  the  stratum  is  very  insulating,  of  the  two  electricities 
being  sufficiently  intense  to  overcome  its  resistance.  This 
kind  of  apparatus  has  acquired  the  especial  name  of  condenser. 
The  second  end  is  to  accumulate,  vnth  as  powerful  a  given 
source  as  possible,  as  large  a  quantity  of  electricity  as  we  can, 
in  order  to  produce  great  effects.  The  insulating  stratum 
must  in  this  case  be  thick  enough  and  of  sufficient  insulating 
power  to  oppose  an  adequate  obstacle  to  the  energetic  tendency 
to  unite,  possessed  by  the  two  electricities.  In  this  case 
glass  is  employed,  because  its  homogeneous  structure  prevents 
our  running  the  risk,  as  in  a  thin  stratum  of  insulating 
varnish,  of  solutions  of  continuity;  and  because  also,  even 
when  it  is  very  thin,  it  preserves  its  insulating  property. 
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This  second  kind  of  apparatus  is  named,  according  to  the 
form  that  is  given  to  it,  the  magic  picture  or  the  Leydenjar. 


Condenser. 

The  condenser  was  invented  by  Volta ;  it  was  originally 
formed  of  a  wooden  disc  covered  with  gummed  silk,  and  of  a 
metal  disc  furnished  with  an  insulating  handle,  and  which  is 
placed  on  the  wooden  disc.  The  metal  plate  is  put  in  com- 
munication with  the  source  of  electricity,  it  plays  the  part  of 
the  disc  A ;  the  wooden  plate  plays  that  of  the  disc  B;  and  the 
gtmimed  silk  is  the  thin  insulating  stratum  which  prevents 
the  immediate  recomposition  of  the  two  electricities  accumu- 
lated upon  the  two  plates.  When  the  metal  plate  has  been 
charged  it  is  raised  and  is  carried  to  the  electroscope,  which 
indicates  the  nature  and,  up  to  a  certain  point,  the  intensity  of 
the  electricity  of  the  source. 

The  gold-leaf  condenser  is  the  one  most  generally  used,  and 
it  is  so  named  because  it  is  adapted  to  a  gold-leaf  electroscope 
{Fig.  50.).     It  is  composed  of  two  metal 
plates,  nicely  adjusted,  of  not  less  than  & 
inches,  nor  more  than  1  foot  in  diameter. 
One  of  these  plates  is  screwed  on  the 
exterior  extension  of  the  metal  stem  of 
the    electroscope    by  which    the    gold 
leaves  are  supported ;  the  other  is  pro-r 
vided  with  an  insulating  handle,  fixed 
vertically  at  its  centre,  and  is  placed 
upon  the  former,  so  as  exactly  to  cover 
it.     The  two  plates  have  been  coated  on 
their  surface  in  contact  with    several 
layers,  successively  applied,  of  a  very 
liquid  varnish  formed  of  a  solution  of 
gum-lac  in  alcohol.      This  varnish,  in 
drying,  forms  a  pellicle,  whose  thickness  does  not  exceed  j^y^th 
part  of  an  inch,  but  which  is  sufficient  to  prevent  the  re- 
composition  of  the  electricities,  when  they  are  not  very  strong. 
The  plates  are  thus  almost  in  contact,  and  the  disguise  of  the 
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electricity  is  as  complete  as  possible;  and  the  condensing 
power  of  this  apparatus  is  very  considerable^  but  it  can  only 
support  very  feeble  charges,  which,  indeed  are  all  it  is  intended 
to  receive.  It  is  important  that  the  two  plates  be  fitted  to 
each  other  as  accurately  as  possible,  and,  consequently,  that 
their  surfaces  be  very  even*  For  this  reason  there  is  a  limit 
to  the  size  of  these  surfaces  that  cannot  possibly  be  exceeded, 
because  their  construction  would  become  too  difficult,  in 
consequence  of  the  condition  we  have  pointed  out :  the  mani- 
pulation also  would  be  very  troublesome ;  for  it  is  essential 
that  we  should  be  able  to  raise  the  upper  plate  easily,  and  should 
take  care  to  raise  it  perpendicularly,  without  exercising  any 
friction  against  the  other,  which  of  itself  would  be  a  source  of 
electricity,  and  would  consequently  interfere  with  the  results. 
This  reservation  being  once  made,  it  is  advantageous  to  have 
the  largest  possible  surface,  because  the  quantity  of  electricity 
accumulated  is  proportional  to  this  surface.  Experiment  has 
demonstrated  that  we  cannot  exceed  a  foot  in  diameter  without 
falling  into  the  inconveniences,  that  we  have  just  now  pointed 
out  The  plates  are  generally  of  brass,  and,  if  possible,  of  gilt 
brass,  so  as  to  be  protected  against  the  chemical  action  of  the 
moist  air,  and  of  the  vapours  and  liquids,  with  which  they  may 
have  occasion  to  come  in  contact  Electrical  signs  are  some- 
times found  on  separating  the  two  plates,  even  although  there 
may  be  no  electrical  source  in  communication  with  either  of 
them.  This  error  is  due  to  a  small  quantity  of  electricity 
arising  from  preceding  experiments,  which  has  penetrated  into 
the  layers  of  varnish,  and  which  is  not  got  rid  of  without  some  . 
difficulty.  In  order  to  remove  it,  we  must  place  a  very  thin 
sheet  of  tin-foil  between  the  two  discs,  and  leave  it  there  until 
we  have  satisfied  ourselves  that,  after  having  been  placed  in 
immediate  contact  with  each  other,  the  plates  liberate  no 
trace  of  electricity  by  the  mere  fact  of  their  separation.  It  is 
essential  always  to  determine  this  absence  of  spontaneous 
electrical  signs,  before  making  an  experiment 

For  greater  convenience,  the  source  of  electricity  is  gene-^ 
rally  placed  in  communication  with  the  upper  plate  of  the 
condenser,  which  is  termed  the  collector ;  and  the  lower  plate 
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is  touched  with  the  finger.  When  the  two  plates  are  separated^ 
it  is  the  electricity  of  the  lower  plate^  now  become  free,  that 
affects  the  electroscope ;  but  we  must  not  lose  sight  of  the 
fact  of  its  being  of  a  contrary  nature  to  that  of  the  upper  one, 
and  consequently  to  that  of  the  source  subjected  to  experi- 
ment. Before  beginning  a  second  experiment,  we  must  not 
forget  to  discharge  both  the  plates  by  touching  them  with  the 
fingers ;  and,  generally,  we  must  never  leave  them  charged, 
especially  when  they  are  in  contact,  because  the  electricity, 
that  they  retain,  penetrates  into  the  layers  of  varnish,  from 
which,  as  we  have  seen,  it  is  a  very  difficult  matter  to 
expel  it 

We  have  entered  into  minute  details  of  the  condenser, 
because  it  is  an  electrical  apparatus  most  commonly  in  use,  and 
is  at  the  same  time  one  of  the  most  delicate :  by  its  assistance 
Yolta  succeeded  in  showing  that  a  plate  of  zinc,  when  held  in 
the  hand,  and  put  into  contact  with  the  upper  plate,  charged 
it  with  negative  electricity, — an  experiment  that  was  the 
origin  of  the  discovery  of  the  voltaic  pile.  When  this  ex- 
periment is  made,  care  must  be  taken  that  the  zinc  plate  be 
well  cleansed,  especially  in  the  points  where  it  touches  the 
disc  In  like  manner,  we  can  charge  the  plate  with  positive 
electricity  by  interposing  between  the  plate  and  the  zinc  plate, 
which  is  still  held  in  the  hand,  a  disc  of  cloth  or  paper 
slightly  moistened  with  salt  water.  In  each  case  we  must 
not  neglect  to  "touch  the  lower  plate  with  one  of  the  hands, 
whilst  the  zinc  plate  is  held  by  the  other  in  contact  with  the 
.  upper  plate. 

The  experiments  that  we  have  just  quoted,  and  the  other 
delicate  experiments  in  which  the  condenser  is  used,  require 
the  air  of  the  room  in  which  the  operation  is  carried  on  to  be 
as  dry  as  possible,  or  at  least  the  electroscope  and  all  the 
pieces  of  which  it  is  constructed  to  be  well  protected  from 
moisture.  With  this  view,  the  whole  is  covered  with  a  glass 
cage,  in  the  interior  of  which  chloride  of  calcium  is  placed,  in 
order  to  produce  the  dryness  (Fig.  50.). 

M.  Peclet  has  still  farther  increased  the  sensibility  of  the 
condenser  by  adding  to  it  a  third  plate,  interposed  between 


Digitized  by 


Google 


DISGUISED  ELECTBICITr. 


107 


the  other  two;  and  he  has  named  his  apparatus  the  multiplying 
condenser  {Fig.  51.).     The  lower  plate,  as  before,  is  screwed 


Fig.  51. 

upon  the  electroscope;  the  second  is  furnished  with  an  in-* 
sulating  handle,  and  is  varnished  on  its  two  faces ;  the  third, 
which  is  varnished  only  upon  its  lower  surface,  is  pierced  at 
its  centre  with  a  hole,  within  which  is  sealed  a  glass  tube  that 
serves  as  an  insulating  handle,  and  at  the  same  time  affords  a 
passage  to  a  glass  rod,  forming  the  insulating  handle  of  the 
second.  We  can  thus  easily  superpose  the  tliree  plates,  and 
successively  raise  the  third  and  the  second.  In  operating,  we 
put  the  source  in  communication  into  the  third,  and  touch  the 
second  with  the  finger  by  means  of  a  small  metal  appendage 
that  forms  part  of  its  border.  Then,  this  being  charged,  we 
raise  the  third  and  touch  the  first  with  the  finger :  the  electri- 
city of  the  second  is  thus  found  almost  entirely  disguised ;  it 
is  charged  again  by  replacing  the  third,  which  is  still  in 
commimication  with  the  source;  the  third  is  then  to  be 
removed,  and  the  first  to  be  touched,  and  so  on,  until  the 
electricity  of  the  second  can  no  longer  be  disguised  by  the 
firsts  We  then  remove  first  the  third,  and  then  the  second, 
find  the  first  is  found  to  be  charged  with  a  considerable  amount 
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of  free  electricity^  and  of  the  same  nature  in  this  case  as  that 
of  the  source ;  for  it  is  of  the  contrary  nature  to  the  electricity 
of  the  secoiid  plate^  which  is  itself  different  from  that  of  the 
third,  which  receives  its  charge  directly  from  the  source.  It 
is  easy  to  comprehend  that  this  apparatus  condenses  a  second 
time  the  product  of  a  former  condensation;  and  thus  very 
feeble  sources  of  electricity  may  be  rendered  sensible.  But, 
like  all  the  instruments,  it  is  too  delicate  and  rather  dangerous 
in  its  use,  and  is  moreover  very  tedious  and  inconvenient  in 
manipulation.  It  must  therefore  be  reserved  for  exceptional 
cases,  and  be  only  used  with  the  greatest  precaution.  We 
should  add,  that  the  plates  employed  by  M.  Peclet  for  the 
construction  of  his  condenser  are  made  of  roughened  glass, 
ground  with  great  care,  and  covered  with  gold-leaf,  which  is 
applied  without  cement,  it  being  sufficient  to  moisten  the 
surface  of  the  glass  slightly  with  the  breath.  It  is  not 
necessary  to  remark  that  the  same  apparatus  that  serves  as  a 
multiplying  condenser  may  be  employed  as  a  simple  con- 
denser. For  this  purpose,  we  have  merely  to  remove  the 
third  plate,  and  the  second,  being  furnished  with  its  insulating 
handle,  is  put  in  direct  communication  with  the  source  by 
means  of  the  appendix  affixed  to  its  edge. 


Magic  Picture  and  Leyden  Jar, 

The  magic  picture,  called  also  the  sparkling  pane,  consists 

of  a  pane  of  glass,  the  two  faces  of  which  are  coated  with  a 

sheet  of    tin-foil   {Fig,  52.),   care   being 

taken   to   leave   bare  upon  each  of  the 

faces  of  the  glass  pane  an  edge  of  2  or 

3  inches  in  width,  so  that  the  contrary 

electricities  accumulated  on  the  sheets  of 

tin-foil  cannot  unite  immediately  by  the 

edges  of  the  sheets*     One  of  the  sheets  of 

tin-foil  is  put  into   communication  with 

the  source  of  electricity,  and  the  other 

Fig,  52.  ^j|.]j  ^ijQ  grouni     Then,  when  they  are 

charged,  the  two  plates  may  be  connected  by  means  of  a  disr 
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charing  rod,  and  a  very  vivid  spark  is  obtained.  This  ap- 
paratus is  termed  the  sparkling  pane^  because  metal  filings, 
secured  to  the  glass  by  gum,  are  sometimes  substituted  for 
one  of  the  metal  sheets  :  now,  when  the  charge  is  made  in  the 
dark,  there  arises  on  the  face  so  coated  a  brilliant  light,  pro- 
duced  fiM)m  the  sparks  which  escape  between  all  the  grains 
of  metal,  at  the  moment  of  the  neutralisation  of  the  two  elec- 
tricities. 

The  Leyden  jar  is  nothing  more  than  a  magic  picture  made 
into  a  cylinder ;  the  insulating  stratum  is  also  of  glass ;  but, 

instead  of  being  a  plane  surface, 
it  has  the  form  of  a  cylinder  or 
bottle  {Fig.  53.).  One  of  the 
sheets  of  tin-foil  is  on  the  out- 
side of  the  bottle,  and  is  termed 
the  outer  coating  of  the  Leyden 
jar ;  the  other  is  withinside,  and 
is  termed  the  inner  coating.  This 
latter  receives  electricity  by 
Fig.  Ss.  means  of  a  metal  rod,  terminated 

On  the  exterior  by  a  knob,  and  in  the  interiof  by  a  cluster  of 
wire,  which,  diverging  by  virtue  of  their  elasticity,  come  thus 
into  contact  with  the  metal  coating.  The  rod  is  fixed  by 
means  of  a  plug  of  wood  or  cork,  through  which  it  passes 
tightly,  and  which  is  itself  inserted  firmly  into  the  neck  of 
the  jar.  A  thick  coating  of  wax  covers  the  cork  and  the 
exterior  part  of  the  glass,  surrounding  it  so  as  altogether  to 
prevent  the  possibility  of  a  reunion  between  the  electricity  of 
the  exterior  coating  and  that  of  the  inner  coating  and  of  the 
rod  that  is  in  coimection  with  it.  In  order  to  charge  th^  jar, 
it  is  held  in  the  hand  by  the  outer  coating,  and  the  knob  is 
presented  to  the  conductor  of  the  electrical  machine.  The 
positive  electricity  of  the  machine  penetrates  to  the  inner 
coating,  decomposes  through  the  glass  the  natural  electricity 
of  the  outer  coating,  the  positive  of  which  goes  into  the 
ground  through  the  hand  and  the  body  of  the  operator,  and 
the  negative  of  which  is  disguised.  At  the  end  of  the  opera- 
tion there  remains  a  small  <juantity  of  free  electricity  upon 
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the   inner  coating,   as   an   electroscope  indicates.     If,  after 

having   carefully  placed   the  jar 

upon   an   insulating   support,   we 

draw  this  away  with  the  fingers,  it 

is  manifested  under  the  form  of  a 

small  spark ;  and,  as  soon  as  it  is 

gone,  the  balls  of  the  electroscope 

fall  down,  while  the  electroscope, 

'^*  placed  in  communication  with  the 

outer  coating,  indicates  the  presence  of  free  electricity  upon 

this  coating  {Fig,  54.). 

The  free  electricities  of  contrary  natures,  possessed  by  the 
two  coatings,  may  be  made  manifest  by  placing  between  the 
two  knobs,  with  which  they  are  each  in  communication,  the 
pith  ball  of  an  electric  pendulum;   being   attracted  by  the 

free  electricity  of  one   of  the 
knobs,   this    ball    comes    into 
contact  with   it,  and   is   elec- 
trised by  contact;   being   im- 
mediately repelled,  it  goes  to 
.  the  other,  charged  with  a  free 
I  electricity   of  a  contrary   na- 
ture;  then   it  loses    its    own 
electricity,  and  is  charged  with 
that  of  the   second  knob,   by 
^'^'  ^^'  which,  being  repelled,   it  re- 

turns to  the  former,  and  so  on  {Fig.  55.)  Thus  the  ball 
executes  between  the  two  knobs  a  series  of  oscillations,  which 
may  be  prolonged  for  several  hours,  at  the  end  of  which,  the 
two  coatings  having  lost  their  electricity  by  this  succession 
of  small  discharges,  the  phenomenon  ceases.  The  pith  ball 
is  sometimes  constructed  in  the  form  of  a  spider,  of  which  it 
is  itself  the  body,  and  small  very  fine  wire  are  the  limbs ;  on 
which  account  this  apparatus  is  called  the  electric  spider.  If, 
instead  of  employing  the  pith-ball,  the  two  knobs  of  the  jar 
are  touched  successively  with  the  finger,  the  discharge  is 
brought  about  by  a  series  of  small  sparks  arising  from  the 
portion  of  electricity  alternately  made  free  on  each  of  the 
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coatings;  but  it  is  only  after  having  drawn  a  very  consi- 
derable ntiinber  of  sparks  that  we  succeed  in  completely  dis- 
charging the  jar.  It  is  important  in  this  experiment  to  take 
care  never  to  touch  the  two  knobs  of  the  jar  at  the  same  time^ 
which  might  easily  happen  if  both  hands  were  employed ;  we 
should^  imder  such  circumstances,  ourself  serve  as  the  course 
for  the  reunion  of  the  two  electricities  that  are  accumulated 
upon  the  two  coatings,  and  we  should  experience  a  violent, 
and  often  a  dangerous,  shock.  It  is  also  with  a  view  of 
avoiding  this  inconvenience  that  it  is  essential  to  place  the 
Leyden  jar,  when  it  is  charged,  upon  an  insulating  stool ;  for, 
if  we  merely  place  it  on  an  ordinary  table,  we  are  in  the 
route  that  the  two  electricities  of  the  two  coatings  would 
pursue  at  the  moment  we  touch  the  knob ;  as  they  are  now 
separated  by  conducting  bodies  alone. 

To  show  the  different  electricity  with  which  the  two 
coatings  of  a  Leyden  jar  are  charged,  Faraday  employed  two 
concentric  cylinders  made  of  metal  gauze,  separated  by  a 
stratum  of  air  about  ^  in.  thick,  and  resting  on  a  base  of 
resin.  The  exterior  is  put  in  communication  with  the  ground, 
while  the  interior  is  charged  with  electricity.  They  are 
touched  successively  with  the  proof-plane,  and  are  foimd 
charged  each  with  a  different  electricity.  Care  must  be 
taken  not  to  touch  the  exterior  cylinder  on  its  inner  surface^ 
nor  the  interior  on  its  outer. 

The  inner  coating  of  a  Leyden  jar  is  easily  charged  with 
negative  electricity.  For  this  purpose  we  have  merely  to 
hold  it  by  the  knob,  and  let  the  electricity  of  the  machine 
arrive  on  its  outer  coating ;  but  in  this  case  we  must  take 
care,  afier  the  jar  is  charged,  to  place  it  upon  an  insulating 
support;  for  if,  while  holding  it  by  the  knob,  we  were  to 
place  it  upon  a  table,  we  should  receive  the  whole  of  the  dis- 
charge. 

There  is  a  very  elegant  experiment,  for  which  we  are  in- 
debted to  Lichtenberg,  and  which  is  called  lAchtenberg^a 
figuresy  that  makes  manifest  without  an  electroscope,  and  in 
a  directly  visible  form,  the  nature  of  the  electricity  with 
which  the  inner  coating  of  a  jar  is  charged.     This  experiment 
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consists  in  slowly  passing  over  a  cake  of  resin  the  knob  of  a 
Leyden  jar,  while  the  outer  coating  is  held  in  the  hand ;  we 
may  even  trace  figures  with  the  knob.     The  free  electricity 
of  the  inner  coating,  which  is  constantly  renewed  in  pro- 
portion as  it  escapes,  because  the  other  coating  is  held  in  the 
hand,  remains  adhering  to  all  the  points  of  the  cake  which 
the  knob  has  touched.     If,  after  having  thus  traced  out  lines 
with  the  knob  of  a  jar  charged  interiorly  with  positive  elec- 
tricity, we  trace  others  beside  them  with  the  knob  of  another 
jar  charged  with  negative  electricity,  we  may  render  each  of 
them  visible   and  distinct   by  powdering  the   cake  \^ith   a 
powder  formed  of  a  mixture  of  sulphur  and  red  lead,  that 
have  been  rubbed  together.     We  perceive  that  all  the  par- 
ticles of  sulphur  place  themselves  upon  the  positive  lines,  and 
all  those  of  red  lead  upon  the  negative ;  and  they  remain  ad-, 
hering  there,  even  when  we  blow  them,  or  shake  the  cake 
strongly,  so  as  to  make  the  portion  of  the  powder  disappear^ 
which  is  not  upon  the  parts  of  the  surface,  that  had  been  touched 
by  the  knob.     The  effect  that  we  have  just  described  arises 
from  the  molecules  of  sulphur  during  their  mutual  trituration 
having  acquired  negative  electricity,  and  those  of  red  lead 
positive ;  and  which  causes  the  former  to  pass  upon  the  posi- 
tive  traces,   and  the  latter  upon  the   negative.     We   also 
remark  that  the  sulphur  forms  a  small  tuft  round  each  of  the 
positively  electrised  points ;  whilst,  on  each  of  the  negative 
points,  the  red  lead  leaves  only  a  circular  spot     This  phe- 
nomenon, establishing  as  it  does  a  very  remarkable  diiference 
between  the  two  electricities,  is  due  to  a  more  general  cause, 
which  we  shall  study  hereafter. 

The  property  that  we  have  thus  recognised  in  resin,  of 
retaining  both  electricities  adhering  to  its  surface,  is  not 
peculiar  to  this  substance  alone ;  all  bodies  that  are  insulators 
possess  it  in  a  more  or  less  marked  degree.  We  have  already 
seen  that  it  exists  in  glass  when  we  electrised  the  interior  of 
a  glass  jar  to  produce  the  dance  of  pith  balls.  A  Leyden  jar, 
the  contents  of  which  are  movable,  furnishes  a  further  proof 
of  this.  The  glass  jar  in  this  case  has  a  widening  or  conical 
form ;  the  inner  coating  is  of  tinned  iron,  and  fits  accuratdy 
into  the  jar ;  the  outer  coating  is  also  of  the  same  material. 
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and  the  jsff  exactly  fits  into  iU  The  jar  is  charged  as  usual ; 
then,  with  an  insulating  glass  handle,  the  inner  coating  is 
lifted  away,  and  afterwards  the  glass  itself  is  lifted  out ;  the 
two  coatings,  being  thus  detached,  manifest  no  electrical 
signs.  The  two  electricities  have  in  fact  remained  adhering 
to  the  glass,  the  positive  on  the  interior  surfiace,  and  the 
negative  on  the  exterior.  These  two  electricities  are  re- 
covered again  by  replacing  the  jar  within  its  outer  coating, 
and  placing  within  it  its  inner  coating ;  the  discharge  takes 
place  between  the  two  coatings  as  if  they  had  not  been  de- 
ranged. 

The  tact  that  we  have  just  pointed  out  explains  why  a 
Leyden  jar  always  retains  electricity  aft^r  a  first  discharge ; 
even  when  the  latter  has  given  rise  to  a  strong  spark,  we 
can  obtain  a  second  discharge,  much  weaker,  it  is  true,  than 
•the  former,  but  yet  very  sensible,  and  sometimes  indeed 
exceedingly  violent,  if  the  jar  is  large  and  has  been  strongly 
charged.  This  second  discharge  arises  from  a  portion  of  the 
two  dectricities  having  remained  adhering  to  the  glass  after 
the  first  discharge,  notwithstanding  the  contact  of  all  the 
points  of  the  two  surfaces  of  the  jar  w^ith  the  metal  surfaces ; 
but  the  second  discharge  is  generally  sufficient  to  make  all 
the  remaining  traces  disappear. 

To  terminate  the  details  relating  to  the  Leyden  jar,  we  may 
add  a  few  words  on  the  origin  of  its  name,  which  is  connected 
with  the  history  of  its  discovery.     In  1746,  three  philosophers 
who  were  assembled  at  Leyden,  Muschenbroeck,  Allaman,  and 
Cimeus,  having  endeavoured,  by  means  of  a 
metallic  rod,  to  introduce  electricity  fix)m  a 
machine    into   water    contained   in   a    bottle 
{Fig.  56.),  in  order,  as  they  said,  to  try  and 
store  up  this  agent,  were  very  much  fright- 
ened when  one  of  them,  whilst   holding  the 
bottle  in  his  hand,  and  touching  the  metal  rod 
that  was  thrust  into  the  water,  received  a  very 
'^"     '  violent  shock.     This  experiment  made  a  great 

stir ;  its  effects  were  singularly  exaggerated :  adventurers,  who 
spread  themselves  throughout  Europe,  gained  their  livelihood 
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bj  repeating  it  under  various  forms.  The  primitive  apparatus, 
in  which  it  is  easy  to  see  that  water  filled  the  office  of  the 
inner  coating,  whilst  the  moisture  with  which  glass  is  always 
covered  discharges  the  Amotion  of  the  outer  coating,  was  soon 
perfected  and  brought  to  the  present  form,  which  it  has 
always  preserved ;  and  this  long  before  its  theory  was  dis- 
covered. 

Electric  Batteries. 

In  the  same  maimer  as  with  the  condenser,  the  total  quantity 
of  electricity  that  may  be  accumulated  upon  a  Leyden  jar 
with  a  given  source  of  electricity,  depends  upon  the  extent  of 
its  surface,  or  rather  of  the  surface  of  its  coatings.  In  fact, 
the  charge  attains  to  its  limit  only  when  each  of  the  points  of 
the  surface  of  the  coating,  in  communication  with  the  elec- 
trical machine,  has  a  quantity  of  free  electricity  whose  reac-- 
tion  is  equal  to  that  of  the  source.  We  have  therefore 
endeavoured  to  give  to  Leyden  jars  the  greatest  possible 
amount  of  surface :  some  have  been  constructed  which  are  as 
much  as  12  or  15  inches  in  diameter,  and  from  20  to  24 
inches  in  height.  But  these  larger  jars,  besides  being  very 
inconvenient  to  manage,  and  being  exceedingly  expensive  on 
account  of  the  higher  price  of  vessels  of  the  desired  dimensions, 
have  this  inconvenience  also,  that  the  glass  will  easily  break 
if  its  contexture  is  not  perfectly  homogeneous.  In  fact,  it 
needs  but  present  some  flaw,  and  consequently  one  part  more 
feeble  than  the  rest,  for  the  two  electricities  that  are  accumu- 
lated on  the  two  coatings  to  obey  the  powerful  tendency 
which  directs  them  towards  each  other,  and  unite  through 
this  point  by  breaking  the  glass.  It  is  therefore  preferable  to 
unite  together  several  jars  of  a  moderate  size,  by  establishing 
a  metallic  communication  between  all  their  interior  coatings, 
and  a  similar  one  between  all  their  exterior  coatings.  This  is 
what  constitutes  an  electric  battery ;  which,  however,  must  not 
be  confounded,  it  is  evident,  with  a  voltaic  battery  or  pile. 

Each  battery  is  generally  composed  of  four  jars,  but  some- 
times of  nine  or  of  twelve  {Fig.  57.).  The  jars  are  placed  in  a 
case  lined  with  tin-foil,  upon  which  they  rest,  and  which  serves 
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to  establish  a  commimication  between  all  the  exterior  coatings  : 

the  interior  coatings  communicate 
together  bj  means  of  small  metal 
rods,  which  connect  the  respective 
knobs.  The  discharge  is  made  by 
means  of  a  chain^  or  of  a  metal  wire 
fixed  by  one  of  its  extremities  to 
the  tin->foil  of  the  case;  and  its 
other  extremity  is  brought  near  to 


Fisi,57.  the   tjiQJj  Qf  ^j^Q  Qf  the  jars  by 

means  of  an  insulating  handle  or  a  discharging  rod.  It  is 
easy  to  understand  how  several  batteries  may  be  united  so 
as  to  form  but  one^  as  several  jars  may  be  united  so  as  to 
form  one  battery. 

Whether  there  be  but  one  battery  or  several  batteries  under 
experiment^  it  is  always  a  long  and  tedious  operation  to  charge 
them;  for  this  purpose^  we  must  have  a  good  electrical 
machine,  and  must  have  it  in  action  for  some  minutes  at  least. 
For  accelerating  this  operation,  it  has  been  suggested,  for 
charging  each  jar  of  a  battery,  to  make  use  of  the  positive 
electricity  developed  by  induction  in  the  outer  coating  of  the 
others,  and  which  is  generally  lost  in  the  groimd. 

With  this  view,  each  jar  of  the  battery  is  placed  upon  an 
insulating  and  independent  support,  and  they  are  so  arranged 
that  the  knob  of  each  is  in  metallic  communication  by  means 
of  a  chain^  or  simply  by  immediate  contact  with  the  exterior 
coating  of  the  preceding  one  (Fig.  58.).     The  knob  of  the 


Fiff.  58. 

first  IS  in  communication  with  the  conductor  of  the  machine,  and 
the  outer  coating  of  the  last  with  the  ground.  It  follows,  from 
this  arrangement,  that  the  positive  electricity  from  the  outer 
coating  of  the  first  jar,  instead  of  being  driven  away  into  the 
ground,  serves  to  charge  the  second  by  penetrating  into  its 
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inner  coating ;  that  the  positive  electricity  of  the  outer  coating 
of  the  second  charges  the  third ;  and  so  on  to  the  last,  the 
outer  coating  of  which,  being  in  communication  with  the 
ground,  parts  with  the  positive  electricity,  that  is  developed  in 
it  by  induction.     We  see  that,  by  this  means,  which  is  called 
charging  by  cascade,  we  are  able  to  charge  any  number  of 
Leyden  jars  with    the  quantity  only   of  electricity  that   is 
necessary  to  charge  but  one.    But,  when  the  jars  are  charged, 
if  we  would   accumulate   the  effect  of  the   discharge  upon 
the  same  point,  we  must  suppress  the  communications  that 
are  established  between  the  outer  and  inner  coating  of  each 
jar :  this  is  done  by  removing  with  an  insulated  handle  the 
conductors  by  which  this  .commuication  is  established,  or  by 
withdrawing  the  jars  from  each  other.     We  must,  further- 
more, make  all  the  interior  coatings  communicate  together, 
which  is  also  done  by  properly  arranging 
conducting  rods  or  wires  by  means  of  an  in- 
sulated handle.    A  similar  communication  is 
to  be  established  between  the  outer  coatings ; 
— a  result  which  may  also  be  obtained  with- 
out the  employment  of  conductors,  by  putting 
the  jars  tolerably  close  to  each  other,  so  that 
the  outer  coatings  may  come  into  contact. 
We  have  then  a  battery  charged  and  ready 
for  operation;   but  we  must  use  care  and 
skill  in  making  these  various  arrangements, 
so  as  to  avoid  discharging  the  jar,  and  espe^ 
cially  recei^'ing  the  discharge  oneself. 

In  order  to  know  the  moment  at  which 
either  a  Leyden  jar  or  a  battery  is  sufficiently 
charged,  the  inner  coating  is  put  into  com- 
munication with  a  quadrant  electroscope, 
the  movable  stem  of  which  describes  a 
greater  or  less  arc  of  a  circle  by  the  effect  of 
the  free  electricity  possessed  by  this  coating. 
In  general,  we  ceai^e  giving  electricity  to  the 
inner  coating,  when  its  free  electricity  is 
'^'  capable  of  making  the  movable  stem  of  the 
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electroscope  describe  an  angle  of  45**  or  50°;  or,  better  still, 
when  we  see  that  this  angle  ceases  to  increase, — a  proof 
that  the  charge  has  attained  its  limit.  In  this  kind  of 
experiment,  we  use  with  advantage  Harris's  circular  electro- 
meter, which  depends  upon  the  same  principle  as  that  of  the 
quadrant,  but  which  is  more  sensitive  and  more  accurate 
{Fig.  59.). 

As  the  divergence  of  the  electroscope  depends  only  upon 
the  quantity  of  free  electricity  that  is  found  upon  the  interior 
coating,  it  frimishes  no  datum  as  to  the  intensity  of  the  total 
charge  of  the  jar  or  the  battery :  this  charge  may  be  measured 
by  means  of  the  greater  or  less  distance  to  which  the  spark 
darts  between  the  knob  of  the  inner  coating 
and  a  similar  knob  communicating  with 
the  outer  coating.  The  apparatus  that  is 
used  for  estimating  these  distances  is  called 
Lane^a  Discharging  Electrometer  {Fig.  60.). 
A  bent  glass  arm  comes  from  the  rod  that 
penetrates  into  the  interior  of  the  jar,  and 
itself  carries  an  horizontal  stem,  terminated 
at  one  of  its  extremities  by  a  knob,  which 
is  facing  and  at  a  short  distance  from  the 
knob  of  the  inner  coating,  and  communicating  by  its  other 
extremity  with  the  outer  coating.  This  horizontal  stem  is 
made  to  advance  gradually,  until  the  two  knobs  are  sufficiently 
near  for  the  electric  spark  to  pass  between  them.  The 
distance  at  which  the  discharge  takes  place  is  thus  measured 
very  accurately ;  but  we  should  not  lose  sight  of  the  fact,  that 
it  must  depend  not  simply  on  the  intensity  of  the  accumulated 
electricities,  but  also  on  the  degree  of  humidity  and  of  the 
rarefaction  of  the  air ;  and  it  is  only  as  the  latter  element  is 
constant,  that  the  former  may  be  estimated  with  any  ac- 
curacy. When,  therefore,  we  employ  this  means  for  com- 
paring relative  power  of  different  Leyden  jars  or  electrical 
batteries,  we  must  operate,  as  much  as  possible,  under  the  same 
atmospheric  circumstances. 

Cuthbertson^s  Discharging  Electrometer  is  an  apparatus,  which 
of  itself  brings  about  the  discharge  when  the  jar  or  battery 
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have  attained  the  limits  of  their  charge.  An  insulating  sup- 
port carries  a  metal  stem^  formed  like  the  two  arms  of  the 
beam  of  a  balance,  of  two  equal  branches,  movable  about  a 
central  axis.  These  two  branches,  which  communicate  with 
the  inner  coating  and  with  a  quadrant  electrometer,  are  each 
terminated  hj  a  knob.  Beneath  the  knob  of  one  of  the 
branches,  but  at  a  sufficient  distance  to  prevent  the  discharge 
taking  place,  is  another  similar  knob,  placed  at  the  extremity 
of  a  metal  rod,  which  communicates  with  the  outer  coating.  In 
like  manner,  beneath  but  very  near  to  the  knob  of  the  other 
branch,  there  is  also  another  knob  placed  at  the  extremity  of 
a  metal  rod,  which  is  fixed  to  the  same  support  as  the  movable 
rod  in  metallic  communication  with  it,  and  consequently  also 
with  the  inner  coating.  When  the  electric  charge  of  the  jar  or 
the  battery  has  attained  its  limit,  the  repulsive  force  which  the 
free  electricity  of  the  inner  coating  impresses  upon  the  two 
approximated  knobs  that  are  both  in  communication  with  it, 
drives  the  movable  one  from  the  fixed  one,  and  consequently 
brings,  at  the  same  time,  the  knob  of  the  opposite  branch 
nearer  to  the  fixed  knob  that  conimunicates  with  the  outer 
coating.  This  approximation  determines  the  discharge  at  the 
moment  when  it  has  reduced  the  distance  by  which  the  two 
knobs  are  separated  to  the  explosive  distance  of  the  apparatus, 
A  slightly  different  form  is  sometimes  given  to  the  apparatus, 

rig.  61. 

but  the  principle  of  its  construction  is  the  same.  Fig.  61. 
represents  them  both. 

Finally,  another  apparatus  that  is  indispensable  for  experi- 
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ments  made  with  electric  batteries,  is  HenUy'a  Universal 
Dueharger  {Fig,  62.).  It  consists  of  two  insulating  supports 
of  the  same  height,  and  placed  on  the  same  stand  at  a  dis^ 
tance  of  10  or  12  inches  apart  Each  of  them  carries  at  its 
upper  extremity  a  universal  joint,  to  which  is  fixed  a  small 
metal  tube,  within  which  a  metal  rod  slides  very  tightly. 

The  two  rods  may  thus  be 
placed  in  all  directions ;  and 
their  extremities,  when  they 
are  placed  opposite  to  each 
other,  may  be  withdrawn  to 
any  distance.  Between  the 
opposite  extremities  of  these 
two  rods  are  placed  the  bodies 
that  are  to  be  traversed  by 
the  discharge,  as  a  piece  of  wood,  a  pane  of  glass,  metal  le^, 
&c.^  by  laying  them  upon  a  small  support  which  may  be 
raised  at  pleasure ;  one  of  the  ends  is  then  made  to  commu- 
nicate with  the  outer  coating  of  the  battery,  and  a  communica- 
tion is  established  between  the  other  and  the  inner  coating  by 
means  of  a  discharging  rod  with  glass  handles,  or  by  Cuth- 
bertson's  discharging  electrometer. 

Some  Effects  of  Ley  den  Jars  and  Electric  Batteries. 

Before  terminating  this  Chapter,  we  will  describe  some  of 
the  most  remarkable  effects,  that  may  be  produced  with  the 
Leyden  jar  and  electric  batteries,  although  the  phenomena 
that  result  from  the  transmission  of  electric  discharges  through 
different  media  can  only  be  studied  thoroughly  in  the  Fourth 
Part  of  this  work. 

The  shock  which  so  powerfully  affected  the  philosophers  of 
Leyden  was,  immediately  after  the  discovery  of  the  Leyden 
jar,  the  phenomenon  that  was  mostly  studied.  It  was  re- 
marked that  it  could  be  transmitted  through  a  file  of  men 
forming  a  chain,  namely,  holding  hands,  the  first  of  whom 
took  hold  of  the  jar  by  its  outer  coating,  while  the  last  touched 
it  by  the  knobs ;  an  entire  regiment,  ranged  in  array,  were 
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subjected  to  this  trial;  ond^  it  is  said^  thej  were  all  struck 
down  by  a  single  blow.  In  this  experiment,  it  was  observed 
that  the  men  who  were  in  the  middle  experienced  a  less 
violent  shock  than  those  who  touched  the  jar.  In  experiments 
of  tliis  nature  we  must  employ  the  charge  of  a  single  jar  only ; 
a  battery  would  be  dangerous,  and  might  occasion  serious 
accident.  In  fact,  it  has  been  observed  that  it  does  not  require 
very  strong  batteries  to  kill  birds,  rabbits,  and  even  animals 
of  larger  size. 

The  calorific  effects  of  the  jar  and  batteries  are  numerous, 
and  of  very  various  kinds.  Thus,  with  the  discharge  of  a 
single  jar,  ether,  alcohol,  or  cotton  powdered  with  a  mixture 
of  rosin  and  lycopodium,  is  easily  inflamed.  For  this  purpose, 
it  is  necessary  that  the  inflammable  substance  be  placed  in 
a  metal  capsule,  communicating  with  the  outer  coating  by 
means  of  a  wire  or  a  metal  chain,  whilst  the  knob  is  brought 
near  to  the  substance  itself.  At  a  certain  distance  the  spaxk 
passes  and  inflames  this  substance  by  traversing  it,  provided 
it  does  not  form  too  thick  a  layer.  Gxmpowder  may  in  like 
manner  be  inflamed  by  placing  it  in  a  cartridge  about  a 
fifth  of  an  inch  in  diameter  and  a  couple  of  inches  long,  and 
by  introducing  through  its  two  ends  two  iron  wires,  which 
approach  its  centre  at  a  short  distance  fix)m  each  other,  and 
between  which  the  discharge  passes.  It  frequently  happens 
that  the  powder,  if  it  is  fine,  is  dispersed  by  the  effect  of  the 
discharge,  instead  of  being  inflamed.  To  avoid  this  incon* 
venience,  we  should  place  in  the  route  of  the  discharge  a  tube 
full  of  water,  or  cotton  or  paper  impregnated  with  moisture. 
The  presence  of  this  moist  conductor,  by  diminishing,  as  it 
seems,  the  velocity  or  instantaneity  of  the  discharge,  gives  it 
time  to  inflame  the  powder. 

With  the  discharge  of  a  battery  we  are  also  able  to  ignite, 
to  melt,  and  even  to  inflame  very  fine  wires  placed  between 
the  two  opposite  extremities  of  the  rods  of  the  universal  dis- 
charger. The  length  that  may  be  given  to  the  same  wire 
depends  upon  the  power  of  the  battery.  If  it  is  an  iron  wire, 
it  is  seen  to  dart  into  small  metal  globules,  which  are  thrown 
afar.     Tin  wires  also  give  rise  to  a  similar  phenomenon,  in 
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which,  if  the  discharge  is  still  more  powerful,  they  disappear 
under  the  form  of  a  fine  white  powder,  similar  to  a  vapour. 
It  is  the  result  of  the  oxidation  of  the  tin.  Gold  reduced  into 
wire  or  thin  leaves  is  also,  as  it  were,  volatilised  by  a  powerfiil 
discharge ;  at  least,  it  rises  in  the  air  in  the  form  of  a  reddish 
vapour.  This  property  is  made  use  of  to  produce  electrical 
prints ;  a  pattern  is  cut  in  a  card,  to  the  two  extremities  of 
which  is  cemented  a  band  of  tin.  The  pattern  is  covered  on 
the  one  side  by  a  sheet  of  gold  leaf  which  touches  each  of 
the  tin  bands  by  one  of  its  edges ;  and,  on  the  other  side,  by 
a  silk  ribbon  itself  resting  by  its  other  side  upon  a  sheet 
of  pasteboard;  the  gold  leaf  is  also  covered  with  paste- 
board. The  whole  system  is  placed  in  a  press  to  ensure 
contact  The  discharge  of  the  battery  is  then  made  to  pass 
through  the  gold  leaf  by  means  of  the  two  tin  bands ;  the 
gold  is  heated  and  oxidised;  and,  as  it  cannot  escape  into 
the  air,  it  passes  through  the  holes  of  the  pattern,  and  forms 
upon  the  ribbon  a  print  of  a  reddish-brown  colour,  which  is 
very  regular,  and  which  produces  the  image  of  the  pattern 
(%.  63.). 


FtQ'  63. 

Strong  discharges  produce  upon  masses  of  metal  two  kinds 
of  coloured  rings,  which  appear  to  arise  from  the  high  tem- 
perature to  which  the  surface  of  these  metals  is  exposed,  at 
the  place  where  the  electricity  traverses  them.  Priestley 
made  a  particular  study  of  these  circles  of  fusion,  which 
he  attributed  to  a  partial  liquefaction  brought  about  by  the 
heat. 

What  characterises  more  particularly  the  discharging  «of 
electrical  batteries,  is  their  mechanical  or  molecular  effects. 
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A  glass  plate,  if  placed  between  the  two  ends  of  the  arms 
of  the  discharging  rod,  is  pierced  by  the  discharge :  to  prevent 
the  electricities  uniting  by  making  the  tour  of  the  plate,  the 
surface  of  which  is  always  more  or  less  moist,  and  by  this 
means  slightly  conductible,  it  is  necessary  that  the  portion 
through  which  we  would  make  the  discharge  pass,  should  be 
surrounded  on  its  two  faces  by  a  belt  of  wax  in  the  form  of  a 
ring  ;  a  drop  of  oil,  placed  in  the  centre  of  the  ring,  facili- 
tates also  the  success  of  the  experiment  A  piece  of  dry  wood, 
or  a  stone,  may  in  like  manner  be  split  into  fragments  by  a 
discharge  traversing  them.  A  card  is  also  pierced ;  but  if 
the  extremity  of  the  two  rods  that  lead  the  discharge  are  not 
exactly  opposite  to  each  other,  the  hole  is  made  opposite  to 
the  point  that  brings  the  negative  electricity.  \Jit  is  also  to  be 
remarked,  that  the  hole  presents  burrs  equally  on  either  side, 
as  if  the  electric  fluid  had  come  from  the  middle  of  the  card 
to  escape  by  its  two  faces  at  the  same  time. )  This  very  extras 
ordinary  effect  has  greatly  engaged  the  attention  of  philo- 
sophers ;  it  appears  to  arise,  as  we  shall  see,  from  the  electric 
discharge  not  actually  occurring  by  a  finite  movement  of 
translation,  but  rather  by  a  series  of  small  molecular  vibratory 
movements. 
When  the  air  is  traversed  by  an  electric  discharge,  it 
undergoes  a  very  marked  agitation ;  and  an  instanta- 
neous expansion,  if  the  phenomenon  occurs  in  a  closed 
vesseL  This  may  be  proved  by  means  of  Kinnersley^s 
Thermometer  {Fig.  64.),  which  consists  of  a  glass  tube, 
closed  at  its  two  ends,  and  of  a  lateral  tube,  in  which 
a  liquid  rises  that  gives  the  measure  of  the  expansion. 
The  discharge  is  made  between  two  metal  balls,  that 
penetrate  into  the  tube. 

With  regard  to  the  luminous  effects,  properly  so 
called,  and  which  are  not  due  to  a  simple  incandescence 
Fig.eA.  of  wires,  they  are  generally  manifested  under  the 
form  of  a  spark,  nearly  similar  in  intensity,  but  greater  than 
that  which  is  drawn  from  an  electrical  machine,  and  sus- 
cef>tible,  like  the  latter,  of  presenting  the  very  varied  ap- 
pearances, that  we  shall  study  hereafter.     We  shall  confine 
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onrselyes  to  quoting  here  a  beautiful  experiment^  which 
consists  in  passing  the  discharge  of  a  battery  through  a  metal 
chain  of  several  yards  in  length,  suspended  by  silk  cords 
from  the  ceiling  of  a  room :  at  the  moment  of  the  discharge, 
this  chain  is  illuminated  in  its  whole  length  by  the  effect  of 
the  sparks  passing  from  one  link  to  the  other. 
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CHAP.   V. 
THEORy  OP   STATIC   ELECTRICITY,   AND  DIVERS  FACTS   CONNECTED 

WITH  it:  di-electric  bodies. 

Properties  of  the  two  Electric  Fluids. 

We  have  thus  far  explained  all  the  phenomena  of  static 
electricity,  setting  out  on  the  supposition  that  electricity  is 
composed  of  two  extremely  subtile  and  imponderable  fluids  ; 
that  the  particles  of  each  of  these  fluids  mutually  repel  each 
other,  whilst  those  of  one  of  the  fluids  attract  those  of  the 
other.  The  experimental  laws  that  we  have  established 
enable  us  now  to  enter  with  more  precision  than  we  have  done 
into  the  properties  of  the  two  fluids.  Thus,  by  attributing  to 
the  fluids  themselves  the  property  that  we  have  recognised  in 
the  bodies  that  contain  them,  we  are  able  to  admit  that  the 
force  with  which  the  particles  attract  and  repel  each  other  is 
in  inverse  ratio  to  the  square  of  the  distance  by  which  they 
are  separated.  We  must  in  like  manner  lay  down  as  a 
principle,  that  bodies,  in  the  natural  state,  contain  an  equal 
quantity  of  both  fluids  in  each  of  their  particles ;  and  that  if 
they  cannot  exercise  any  action  on  surrounding  bodies,  it  is 
that  at  the  same  distance  the  attractive  power  of  one  of  the  fluids 
is  equal  to  Hie  repulsive  power  of  the  other.  We  can  demonstrate 
this  principle  experimentally  by  rubbing  together  two  glass 
plates,  the  one  polished,  the  other  roughened.  We  bring  an 
electroscope  near  to  them,  after  having  rubbed  them,  but 
without  separating  them,  and  we  observe  no  efiect;  we 
separate  them,  and  then  find  on  the  roughened  face  of  one  of 
the  plates  a  strong  charge  of  negative  electricity,  and  on  the 
polished  surface  of  the  other  a  strong  dose  of  positive  electri- 
city. These  two  surfaces  had  been  electrised  by  their  mutual 
friction ;  the  one  had  acquired  a  certain  quantity  of  positive 
electricity,  and  the  other  an  equal  quantity  of  negative ;  but 
the  insulating  property  prevented  the  two  electricities  neu- 
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tralising  each  other^  notwithstanding  the  contact  of  the  two 
faces  :  the  nullity  of  the  exterior  action^  so  long  as  the  contact 
remains^  is  therefore  the  proof  that  the  two  electric  strata 
situated  at  a  same  distance  from  any  body^  if  they  are  equal 
and  of  the  contrary  nature^  exercise  upon  this  body  two  effects 
that  neutralise  each  other. 


Theoretic  Explanation  of  the  Distributixm  of  the  Electric  Fluids 
on  the  Surface  of  Insulated  conducting  Bodies. 

The  general  fact,  established  by  experiment,  that  electricity 
distributes  itself  entirely  on  the  surface  of  an  electrised  con- 
ducting body,  is  a  natural  consequence  of  the  mutual  repulsion 
of  all  the  particles  of  the  same  fluid,  and  of  the  facility  they 
possess  of  moving  in  the  body.  When  arrived  at  the  surface, 
they  accumulate ;  and,  if  they  do  not  quit  it,  it  is  because 
they  are  retained  there  by  the  air  or  by  the  insulating 
supports,  which  oppose  themselves  to  the  tendency  they  would 
have  to  escape  by  virtue  of  their  mutual  repulsion.  They 
therefore  form  there  an  excessively  thin  stratum,  which  does 
not  sensibly  penetrate  within  the  surface  of  the  body;  for, 
however  thin  the  metal  envelope  of  a  hollow  sphere  may  be, 
electricity  is  never  found  there  on  touching  it  interiorly. 
With  regard  to  the  stratum,  its  exterior  surface  is  evidently 
the  same  as  that  of  the  body,  but  its  interior  surface  varies 
with  the  form  of  the  conducting  body.  In  a  sphere  it  is 
similar  to  the  exterior,  because  all  points  have  the  same 
electric  charge;  whilst  in  non-spherical  conductors,  upon 
which,  as  we  have  seen,  the  distribution  of  the  electricity  is 
never  uniform,  we  may  suppose,  that  to  the  most  highly 
charged  elements  of  the  surface  corresponds  a  stratum  either 
of  greater  thickness  or  of  greater  density.  As  considerations 
of  another  kind  seem  to  prove  that  the  electric  fluids  are 
incompressible,  we  prefer  to  admit  the  former  of  these  two 
hypotheses ;  thus  the  electric  stratum  would  be  terminated 
in  the  interior  by  a  surface,  whose  form  would  be  slightly 
different  from  that  of  the  exterior  surface,  at  least  when  non- 
spherical  bodies  are  in  question.  This  form  may  be  established 
a  prioriy  setting  out,  as  we  have  done,  from  certain  principles 
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of  mechanism,  and  from  the  definite  and  precise  properties  of 
the  electric  fluids.     As  thus : 

The  stratum  is  in  equilibrio ;  for  its  state  does  not  change 
as  long  as  the  body  preserves  its  electricity,  and  remains 
protected  from  all  exterior  iitfluence.  The  figure  of  the 
stratum,  therefore,  is  that  which  results  firom  the  equilibrium 
of  the  repulsive  forces  of  all  the  molecules  of  which  it  is 
composed,  by  supposing  them  subject  to  the  law  of  the  inverse 
of  the  square.  This  is  not  all:  it  must  be  such  that  the 
stratum  exercises  neither  attraction  nor  repulsion;  or,  in 
other  terms,  no  action  upon  any  point  placed  in  the  interior 
of  the  body.  In  fact,  if  it  exercised  an  action,  it  would 
decompose  the  natural  electricity  of  the  point  upon  which  it 
acted ;  this  electricity,  developed- by  induction,  would  react  in 
its  turn  upon  that  of  the  body,  and  there  would  be  a  change 
in  its  electric  state,  which  does  not  take  place,  since  the 
introduction  of  a  new  body  into  the  interior  of  an  electrised 
body  in  no  degree  changes  its  electric  state.  Thus  the 
equilibrium  can  subsist  only  as  long  as  the  resultant  of  all  the 
repulsive  forces  upon  an  interior  point  is  equal  to  zero.  By 
means  of  these  conditions  we  are  enabled  to  determine  the 
relations  which  ought  to  exist  between  the  intensities  of  the 
repulsive  forces  in  different  points  of  the  surface  of  an  elec- 
trised conducting  body ;  or,  which  comes  to  the  same  thing, 
the  thicknesses  of  the  electric  stratum ;  and  we  obtain  results 
perfectly  in  accordance  with  those,  to  which  Coulomb  arrived 
by  experiment  In  this  maimer  we  find,  for  a  sphere,  that  the 
stratum  is  terminated  interiorly  by  a  spherical  surface ;  for 
an  ellipsoid,  that  it  is  by  an  ellipsoid  surface,  whose  greater 
axis  is  to  its  smaller  in  exactly  the  same  relation  as  those 
of  the  exterior  surface ;  so  that  the  stratum  goes  on  increasing 
in  thickness  from  the  extremities  of  the  small  axis,  where  it  is 
at  its  minimum,  to  the  extremities  of  the  large  axis,  where  it 
is  at  its  maximum. 

By  applying  mathematical  analysis  to  the  principles  of 
mechanics  and  physics  that  we  have  just  laid  down,  M.  Poisson 
has  succeeded  in  determining,  h  priori,  the  thickness  of  the 
electric  stratum  for  the  different  points  of  the  surface  of  a 
conducting  body  of  any  form ;  he  has  done  the  same  for  two. 


Digitized  by 


Google 


CHAP.v.  THEORY   OF   STATIC    ELECTRICITY.  127 

or  for  seyeral  bodies  in  contact^  as  well  as  for  the  case  when 
the  bodies  are  simply  subject  to  their  mutual  influence. 
However^  this  determination  has  been  made,  in  a  rigorous 
and  complete  manner,  only  in  the  cases  of  an  insulated 
sphere  and  an  ellipsoid,  and  in  that  of  two  spheres  in 
contact ;  for  the  other  cases,  Poisson  has  merely  indicated  the 
general  method^  without  having  given  its  application.  We 
must  then  take  account  of  the  electricity,  developed  by 
induction,  which  modifies  the  electric  state  of  each  body ;  but 
this  modification,  which  occurs  at  the  very  instant  when  the 
bodies  are  placed  in  presence,  does  not  prevent  the  electric 
state  becoming  permanent,  so  long  as  the  latter  do  not  change 
their  place.  It  is  further  necessary,  in  order  that  this  per- 
manent state  of  equilibrium  should  remain,  that  the  resultant 
of  the  actions  exercised,  upon  any  point  taken  in  the  interior, 
by  the  fluid  strata  which  covers  them,  should  be  equal  to  0. 
This  condition  furnishes,  in  each  case,  as  many  equations  as 
there  are  conducting  bodies  under  consideration ;  and  these 
equations  serve  to  determine  the  variable  thickness  of  the 
electric  stratum  on  the  different  points  of  these  bodies. 

It  follows,  from  this  mode  of  looking  at  the  phenomena  of 
static  electricity,  that  the  o£Bce  of  a  conducting  body  consists 
simply  in  determining  in  the  air,  for  the  electric  fluid,  a 
vessel  of  which  it  is,  so  to  speak,  itself  the  mould ;  and  the 
boundaries  of  which  are  the  stratum  of  air  that  envelopes  it. 
Free  to  travel  in  this  vessel,  the  electric  fluid  distributes  itself 
entirely  towards  the  insulating  sides,  against  which  it  is  re- 
tained, exercising,  however,  a  pressure  from  within  outwarda, 
against  which  the  atmospheric  pressure  resists.  This  pressure 
depends  at  once  on  the  number  of  particles  included  in  the 
stratum ;  consequently,  on  its  thickness,  and  on  the  repulsive 
force  exercised  by  the  particles  of  the  exterior  surface, — a  force 
which  is  itself  proportional  to  this  thickness.  The  pressure  is 
therefore  in  a  ratio  composed  of  the  thickness  of  the  stratum 
and  of  the  repulsive  force  of  the  surface,  or  proportional  to 
the  square  of  the  thickness.  It  necessarily  follows  from  this, 
that  the  pressure  of  the  electric  fluid  against  the  air  may  be 
very  different  in  certain  points  to  what  it  is  in  others,  ac- 
cording to  the  form  of  the  body  on  which  the  thickness  of 
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tlie  stratum  depends ;  and  may  even  become  infinite  in  one 
point  in  respect  to  that  experienced  by  other  points.  It  may 
hence  happen  that  this  pressure  may  surpass,  in  some  parts  of 
the  body,  the  resistance  opposed  to  it  by  the  air ;  the  air  then 
gives  way,  and  the  fluid  passes  away,  as  it  were,  through  an 
opening.  This  takes  place  at  the  extremity  of  points,  and  on 
the  sharp  edges  of  angular  bodies ;  for  it  has  been  demon- 
strated that,  at  the  summit  of  a  cone,  the  pressure  of  the 
electric  fluid  would  become  infinite  if  the  electricity  could  be 
accumulated  there. 

It  is  impossible  for  us  to  give  here  a  more  complete  idea  of 
M.  Poisson's  labours,  which  are  entirely  within  the  domain  of 
pure  mathematics.  We  shall  confine  ourselves  to  adding  that 
Mr.  Plana  took  up  a  portion  of  the  subject  treated  of  by 
M.  Poisson,  in  a  memoir  on  the  distribution  of  electricity  on 
the  surface  of  two  insulated  conducting  spheres,  published  at 
Turin  in  1845.  He  examined  the  difierent  cases  that  may 
be  presented  by  the  problem :  that  in  which  the  spheres  are 
in  contact ;  that  in  which  they  are  separated  by  any  interval ; 
that  in  which  this  interval  by  which  they  are  separated  is 
very  small  in  comparison  with  the  distance  of  their  two 
centres.  Mr.  Plana  has,  in  like  manner,  demonstrated  in  a 
more  rigorous  way  certain  admitted  principles  on  the  rela- 
tions between  the  thickness  of  the  electric  curve,  and  the 
forces  which  emanate  from  it ;  as  well  as  the  theory  of  the 
proof-plane,  against  which  objections  had  been  made.  In 
this  great  work,  which  is  the  fruit  of  a  very  deep  mathe- 
matical analysis,  the  mass  of  the  electric  matter,  and  the 
form  that  it  assumes,  are  the  only  elements  taken  into  con- 
sideration. The  calculation  is  completely  independent  of 
the  cause,  whatever  it  may  be,  which  retains  free  electricity 
on  the  surface  of  conducting  bodies.  Mr.  Plana,  in  a  note 
which  terminates  his  researches,  shows  that  we  may  demon- 
strate a  priori,  by  the  simple  general  fact  that  free  electricity 
distributes  itself  on  the  surface  of  conducting  bodies,  that  the 
law  of  its  repulsive  force  must  be  that  of  tlie  inverse  ratio  of 
the  aqimre  of  Hie  distance.  This  very  elegant  demonstration, 
which  is  based  solely  on  a  result  of  observation,  replies  vic- 
toriously to  Sir  Wm.  Snow   Harris's  objections  against  the 
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law  discovered  by  Coulomb;   at  least  when  it  is  circum- 
scribed^ as  we  hare  said,  to  the  case  of  simple  physical  points. 

Theoretic  Explanation  of  the  Movement  of  electrised  Bodies ; 
and  the  Electric  Mill, 
The  repulsion  and  attraction  of  electrised  bodies  is  a  con- 
sequence of  the  repulsion  and  attraction  exercised  upon  each 
other  by  the  two  electric  fluids.     In  fact,  if  the  electrised 
bodies  are  of  an  insulating  nature,  the  fluids,  not  being  able 
to  separate  themselves  from  the  ponderable  particles  to  which 
they  are  united,  draw  them  with  them  in  their  attractive  or 
repulsive  movements ;  at  least,  when  the  electricity  is  not  too 
feeble,  or  the  bodies  are  not  too  heavy  to  obey  these  actions. 
But  if  the  two  bodies  are  conductors, — if,  for  example,  they 
are  pith-balls,  we  must  refer  to  atmospheric  pressure  in  order 
to  explain  their  movements.     Since  the  two  balls  have  the 
same  electricity,  immediately  they  are  brought  near  to  each 
other  their  electricities  repel  each  the  other ;  and  being  able 
to  travel  freely,  they  arrange  themselves  into  the  most  re- 
mote portions  of  the  balls.     There  they  each  form  a  stratum 
wliich,  acting  exteriorly  in  a  contrary  direction  to  the  atmo- 
spheric pressure,  diminishes  its  effect ;  whilst  this  pressure  ex- 
periences no  resistance  on  the  interior  portions  of  the  surface 
of  each  ball,  from  which  the  fluid  has  been  driven*     Being 
more  pressed  upon  by  the  atmosphere  from  within  outwards, 
than  inwards  from  without,  the  two  balls  separate.     When 
they  have  a  contrary  electricity,  the  two  electricities  convey 
themselves,  by  virtue  of  their  mutual  attraction,  into  the 
portions  of  the  surface  of  each  ball  that  are  nearer  to  each 
other ;  and  these  diminish  the  effect  of  the  atmospheric  pres- 
sure, which,  not  being  counterbalanced  on  the  exterior  part 
of  the  surfaces,  drives  the  balls  one  towards  the  other.     We 
can  imagine  that  the  same  explanation  is  applicable  to  the 
case  in  which  there  is  only  one  movable  ball  opposite  to  a 
fixed  electrised  body ;  it  is  equally  applicable  to  the  case  in 
which  the  movable  ball  is  not  electrised ;  for,  as  we  have 
already  seen,  it  is  first  electrised  by  induction,  and  the  action* 
takes  place  between  two  bodies  both  electrised. 
VOL.  I.  K 
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Finally,  there  is  another  case  of  movement  in  electrised 
bodies  that  we  have  not  yet  described,  and  which  merits 
especial  mention,  on  account  of  the  interest  it  presents  in  a 
theoretical  point  of  view.  It  is  that  which  is  realised  by  a 
small  apparatus,  known  under  the  name  of  the  electric  milL 

The  electric  mill  consists  of  a  thin  stem  of  metal,  whose 
two  ends  are  pointed,  and  bent  in  an  opposite  direction,  and 
which  is  itself  balanced  upon  a  pivot  by  means  of  a  cap 
fixed  to  its  centre  of  gravity.  The  pivot  is  put  into  commu- 
nication with  the  conductor  of  an  electrical  machine,  and,  as 
soon  as  the  latter  is  in  action,  the  stem  acquires  a  rapid 
rotatory  movement,  as  if  the  extremities  of  the  points  were 
powerfully  repelled.  In  this  experiment  the  electric  fluid 
that  is  spread  over  the  surface  of  the  stems  of  the  mill, 
exercises  everywhere  a  pressure  on  the  surrounding  air ;  if 
it  found  no  escape,  the  opposite  pressures  being  always  equal, 
the  apparatus  would  remain  at  rest.  But  it  escapes  by  the 
points,  where  it  overcomes  the  atmospheric  pressure ;  and,  as 
it  no  longer  exercises  any  pressure  on  the  orifice  of  escape, 
the  pressure,  which  continues  to  be  exer- 
cised on  the  opposite  point,  causes  the  move- 
ment by  a  true  recoil,  analogous  to  that  pro- 
duced by  liquids  or  gases  upon  reacting 
machines  during  their  escape.  We  shall 
return  to  this  explanation,  for  it  is  not  al- 
together firee  from  certain  objections ;  and 
we  shall  see  that  the  experiment  of  the 
Fig,  65.  electric  mill  is  probably  connected  with  a 

more  general  phenomenon  of  dynamic  electricity.     Four  or 

five  branches,  instead  of  two,  are 
given  commonly  to  the  electric 
mill  {Fig,  65.) ;  the  form  of  the 
experiment- may  also  be  varied 
by  making,  for  example,  a  stem 
that  is  terminated  by  two  points 
turned  in  opposite  directions,  as- 
*^'     '  cend  along  two  wires  by  the  ef- 

fect of  the  escape  of  electricity  {Fig.  66.). 
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Examination  of  the  Part  attributed  to  atmospheric  Pressure^  in 
the  Phenomena  of  static  Electricity. 

The  part  attributed  by  theory  to  atmospheric  pressure  in 
the  phenomena  of  static  electricity^  is  not  free  from  all  objec- 
tion. Some  facts  that  we  are  about  to  relate  are  but  little 
favourable  to  it.  M.  Becqu^rel  succeeded  in  developing  by 
friction,  and  in  maintaining  under  vacuum,  a  notable  quantity 
of  electricity  in  a  gold-leaf  electroscope.  Although  the  air 
had  been  rarefied  to  j^yth  of  an  inch,  the  gold  leaves  remained 
diverging,  and  consequently  retained  free  electricity,  for  more 
than  two  days.  It  is  very  di£Scult  to  admit  that  the  smalt 
quantity  of  air  remaining  in  the  receiver  had  been  able  to 
exercise  a  sufficient  pressure  to  produce  this  efiect. 

Hawksbee  and  Gray  had  also  observed  that  electrised 
bodies  attract  light  bodies,  as  well  in  vacuo  as  in  air ;  but,  as^ 
they  were  insulating  bodies,  we  can  prove  from  this  nothing 
very  positive  against  the  action  of  atmospheric  pressure, 
when  conducting  bodies  are  concerned.  It  is  not  the  same 
with  the  experiments  recently  made  by  Sir  W.  Snow  Harris. 
This  philosopher  had  fixed  a  copper  ball,  of  two  inches  in 
diameter,  at  the  extremity  of  an  insulated  metal  rod;  and, 
after  having  placed  it  in  the  centre  of  a  receiver,  had  put  it 
in  communication  with  an  electroscope  by  another  rod ;  he 
then  gave  to  the  ball  a  quantity  of  electricity  such  that  the 
deviation  of  the  electroscope  was  40®.  This  divergence  was 
maintained  even  when  l^ths  of  the  air  had  been  removed 
from  the  receiver.  The  result  was  the  same  when  the  elec- 
troscope itself  was  placed  under  the  receiver,  and  when  it  was 
electrised  directly  by  means  of  an  insulated  metal  rod  com- 
municating with  the  exterior.  The  divergence  did  not  vary 
even  when  the  air  was  reduced  by  f  ^ths  of  its  original  density. 
In  both  cases  the  gold  leaves  of  the  electroscopes  gradually 
approached,  when  an  insulated  metal  ball  was  brought  near 
to  the  electrised  body;  but  they  separated  again  when  the, 
ball  was  withdrawn:  this  was  evidently  a  simple  effect  of 
induction.     In  all  these  experiments  the  interior  of  tlie'  beUr: 
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glass  must  oe  well  dried  by  chloride  of  calcium,  or  any  other 
substance  of  the  same  kmd.  .      , 

The  facts  that  we  have  just  related  show,  that  if  the  air 
retains  electricity  on  the  sur&ce  of  bodies,  it  is  not  by  virtue 
of  the  pressure  it  exercises,  but  rather  by  virtue  of  the  in- 
sulating power  which  depends  on  its  very  nature.  The  air 
and  gases  act,  therefore,  as  an  insulating  stratum  of  resin  or 
gum-lac;  and,  as  in  the  most  perfect  vacuum,  bodies  still 
retain  at  their  surface  a  film  of  air  that  remains  adhering  to 
them :  this  circumstance  would  explain  how  it  happens  that 
electric  phenomena  are  manifested  even  in  vacuo.  It  is  true 
they  are  never  so  intense  as  in  air ;  and  the  electricity  cannot 
be  maintained  beyond  a  certain  intensity  upon  the  surface  of 
bodies  so  circumstanced ;  but  this  would  simply  be  a  proof 
that  the  insulating  power  of  air  is  less  when  the  gaseous 
stratum  by  which  the  body  is  covered  is  reduced  to  a  great 
degree  of  thinness,  and  the  density  of  the  air  that  remains  in 
the  receiver  is  diminished*  Sir  W.  Snow  Harris  has  observed 
that  the  attractions  and  repulsions  between  electrised  bodies 
take  place  in  vacuo  as  they  do  in  air ;  a  further  proof  of  th& 
error  we  should  commit  by  admitting  atmospheric  pressure  to 
play  a  part  in  these  phenomena.  This  fact,  on  the  other  hand, 
is  very  well  explained  by  admitting  that  the  electricities  are 
retained,  in  the  portions  of  the  surfaces  where  they  are  dis- 
tributed, by  the  insulating  effect  of  the  film  of  air  that  remains 
a^acent,  and  in  no  degree  by  atmospheric  pressure:  once 
retained  at  the  surface  by  this  cause,  as  they  would  have  been 
by  a  coating  of  varnish,  they  are  no  longer  able  to  obey  their 
mutual  attraction  or  repulsion,  except  by  drawing  with  them 
the  bodies  themselves,  if  their  mass  is  not  too  great.  This  ex- 
planation, even  though  it  should  not  be  based  upon  observations 
made  in  vacuo,  woidd  seem  to  us  in  every  case  preferable  to 
that  in  which  atmospheric  pcessure  is  made  to  intervene ;  this 
intervention  being  implicitly  founded  on  a  purely  hypothetic 
idea,  namely,  that  electricity  is  a  fluid  of  the  same  kind,  and 
about  the  same  tenuity  as  air  and  gases. 

Further,  while  still  believing  that  the  electric  effects  ob- 
served in  vacuo,  as  well  as  others  no  less  curious,  of  which  we 
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shall  speak  hereaf):er5  are  due  to  the  fihn  of  air  that  remains 
adhering  to  the  surface  of  bodies^  we  by  no  means  wish  to 
pretend  that  conducting  bodies  have  not  for  themselves  the 
property  of  preserving,  or  rather  of  coercing ^  on  their  surface 
a  certain  dose  of  electricity,  feeble,  it  is  true,  but  nevertheless 
sensible.  This  is  a  delicate  point,  to  which  we  shall  have 
occasion  to  return  hereafter. 

Inductive  Power  of  di--electric  Bodies^ 
If  the  theories  that  we  have  unfolded  seem  to  be  defective, 
as  far  as  concerns  the  part  which  they  attribute  to  atmospheric 
pressure,  they  are  now  attacked  by  another  class  of  facts, 
which  tend  to  nothing  less  than  to  overthrow  them  entirely 
by  leading  to  the  denial  of  actions  at  a  distance,  and  replacing 
them  by  molecular  or  contact  actions.  Before  unfolding  the 
theory  to  which  Mr.  Faraday  has  been  led  by  these  facts,  let 
us  study  the  facts  themselves,  as  discovered  by  this  philo* 
sopher ;  we  shall  then  be  in  a  better  condition  to  appreciate 
the  degree  in  which  they  must  modify,  if,  as  we  think,  they 
do  not  entirely  overthrow,  the  theories  founded  upon  the 
labours  of  Coulomb  and  Poisson.  When  an  electrised  body 
acts  by  induction  upon  a  conducting  body,  there  always  exists 
between  the  two  bodies  an  insulating  medium,  generally  a 
stratum  of  air,  sometimes  a  plate  of  glass  or  a  plate  of  resiiu 
To  this  medium  there  had  never  been  attributed  any  other 
than  a  passive  part ;  that  is  to  say,  it  was  only  regarded  in 
the  relation  of  the  obstacle  it  ot>posed  to  the  reunion  of  the 
contrary  electricities  of  the  two  bodies ;  the  only  difference 
that  was  established  between  the  different  media  was,  that 
some,  being  endowed  with  a  greater  insulating  property  than 
others,  permitted  the  two  electrised  bodies  to  be  brought 
nearer  to  each  other  without  there  being  an  electric  discharge 
between  them.  With  regard  to  the  effect  of  induction  itself, 
it  was  admitted  that  it  depended  only  on  the  distance  by 
which  the  two  bodies  were  separated,  and  in  no  degree  on  the 
nature  of  the  interposed  medium.  Mr.  Faraday  has  shown  that 
things  do  not  take  place  in  this  manner.  The  following  is  the 
Amdamental  fact^  which  serves  as  the  basis  of  his  researches. 
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An  insulated  disc  A  is  electrised  positively.  Near  to  this 
disCj  and  at  the  same  distance^  are  placed  two  other  insulated 
discs,  which  are  similar  to  it,  one  on  one  side,  which  we  will  call 
B,  the  other  on  the  other  side,  which  we  will  call  c.  a  acts  by 
induction  upon  B  and  upon  c ;  and,  if  the  two  latter  discs 
are  made  to  communicate  with  the  ground,  they  preserve  only 
their  negative  electricity,  which  is  disguised  by  the  positive  of 
A.  If  B  is  brought  towards  A,  so  that  it  becomes  nearer 
than  c  is,  the  electroscope  of  B  is  immediately  seen  to  indicate 
the  presence  of  a  little  positive  electricity ;  and  that  of  C  to 
show  the  presence  of  a  small  quantity  of  negative  electricity, 
which  has  become  free.  This  double  effect  arises  from  the 
inductive  power  of  A  upon  B  becoming  greater  than  it  was 
by  diminishing  the  distance,  whence  there  resulted  the  de- 
composition of  a  new  quantity  of  electricity  in  B :  now,  since 
the  communication  of  B  with  the  ground  has  been  inter- 
rupted, this  disc  preserves  the  positive  electricity  produced 
by  this  new  decomposition,  but  the  n^ative  being  attracted 
by  the  positive  of  A  is  disguised  by  it ;  it  hence  follows  that 
a  stronger  proportion  of  the  electricity  of  A  being  employed 
to  disguise  that  of  B,  the  proportion  acting  upon  c  becomes 
less,  and  consequently  a  part  of  the  negative  electricity  that 
was  disguised  before  becomes  free.  Hitherto  the  phenomena 
have  occurred  exactly  as  theory  would  have  them.  But  if, 
after  having  restored  things  to  their  primitive  state,  namely, 
the  two  discs  B  and  C  to  the  same  distance  from  a,  we  in- 
terpose a  disc  of  gum-lac  between  A  and  B,  we  produce  the 
same  effect  as  if  B  had  been  brought  nearer  to  A ;  that  is  to 
say,  we  increase  the  induction  of  A  upon  B.  The  distance, 
however,  as  well  as  all  the  other  conditions  of  the  experiment, 
have  remained  the  same ;  there  is  no  other  change  than  the 
substitution  of  a  disc  of  gum-lac  for  tlie  stratum  of  air,  whose 
place  it  occupies.  If  a  disc  of  sulphur  is  interposed,  the  same 
effect  is  produced,  but  in  a  still  greater  degree.  Thus  in- 
sulating bodies  have  a  proper  inductive  capacity ;  and,  as  we 
see,  that  of  gum-lac  is  greater  than  that  of  air,  and  that  of 
sulphur  is  greater  than  that  of  gum-lac.  In  order  to  cha- 
racterise this  property,  Mr.  Faraday  names  the  bodies,  which 
possess  it,  di-^lectrics,  in  opposition  to  conducting  bodies.     In 
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fact^  the  interposition  of  a  conducting  body  produces  an 
entirely  opposite  effect :  if  a  metal  plate^  either  insulated^  or, 
which  is  still  better,  commtinicating  with  the  ground,  be 
interposed  between  a  and  B,  b  inunediately  "gives  very  strong 
signs  of  n^ative  electricity,  which  arises  from  the  induction 
ceasing  to  act  upon  it;  its  negative  electricity,  which  was 
formerly  disguised,  becomes  &ee.  c  also  gives  signs  of 
negative  electricity,  because  all  its  electricity  can  no  longer 
be  disguised  by  A,  on  account  of  the  presence  of  the  new 
metal  plate ;  and,  consequently,  a  portion  becomes  free.  Thus, 
to  put  a  metal  disc  between  A  and  b,  corresponds  to  re^ 
placing  B  by  another  disc  nearer  to  A  than  it  was,  and 
consequently  withdrawing  it  from  the  induction  of  a.  We 
see,  therefore,  that  the  effect  which  follows  from  the  inter-* 
position  of  a  conducting  plate  has  no  relation  with  the  effect 
produced  with  the  interposition  of  a  di-electric  body. 

We  have  now  to  determine  the  inductive  capacities  or  the 
relative  inductive  power  of  different  di-electric  bodies.  With 
this  view  Mr.  Faraday  made  use  of  Coulomb's  electric  balance, 
having  for  a  torsion  thread  a  filament  of  glass,  twenty  inches 
in  length,  and  of  great  elasticity ;  at  the  extremity  of  the 
movable  lever  is  a  gilt  pith  ball,  three-tenths  of  an  inch  in 
diameter.  The  proof-plane  is  a  similar  ball.  The  substance 
submitted  to  proof  is  placed  between  two 
concentric  metal  spherical  surfaces,  the  in- 
terior of  which  is  provided  with  a  metal 
handle,  insulated  so  as  not  to  communicate 
with  the  outer  one :  this  forms  a  true  Ley- 
den  jar,  the  insulating  stratum  of  which  is 
the  di-electric  substance,  and  the  two  coat- 
ings are  the  spherical  surfaces  {Fig.  67.). 
There  is  a  second  apparatus,  perfectly  si- 
milar to  the  former,  in  which  air  alone 
serves  as  the  insulating  stratum  between 
the  two  spherical  surfaces.  We  begin  by 
removing  the  di-electric  body  from  the 
former  apparatus,  so  that  they  both  have 


Fiff.  67. 


air  as  the  insulating  body. 


A  certain  charge 
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of  electricity  is  given  to  the  interior  spherical  envelope,  the 
exterior  being  put  in  communication  with  the  gromid;  we 
then  determine  the  reaction  of  the  electricity  ihat  remains 
free  on  the  interior  surface,  by  touching  with  the  proof-plane 
a  knob,  placed  at  the  end  of  the  rod,  that  communicates  with 
it  We  find  250**  for  the  angle  of  torsion :  this  is  what  Mr. 
i'araday  found  in  his  experiment,  which  is  the  one  we  take 
as  our  example.  The  two  apparatus  are  then  made  to  com-* 
municate  by  their  inner  coatings,  and  are  then  separated: 
after  their  separation,  120^  is  found  upon  one,  and  124^  upon 
the  other ;  so  that  we  may  say  that  the  electricity  is  equally 
divided  between  them ;  and  this  is  what  we  should  expect^ 
because  they  are  perfectly  similar  in  every  respect  The 
same  experiment  is  repeated,  after  having  substituted  in  one 
of  the  apparatus  a  stratum  of  gum-lac  in  place  of  the  stratum 
of  air.  We  begin  by  charging  the  air  apparatus  as  before ; 
and  find  290^  as  the  angle  of  torsion,  obtained  after  the 
contact  of  the  proof-plane;  communication  is  established 
between  the  interior  surface  of  the  air  apparatus,  and  that  of 
the  gum-lac  apparatus.  Had  this  latter  contained  the  stratum 
of  air,  as  in  the  former  experiment,  we  should  have  found, 
after  the  separation,  145^^  or  the  half  of  290%  on  the  interior 
coating  of  each  apparatus;  but  the  substitution  of  gum-lac 
for  air  changes  all  the  results.  We  find  only  1 14**  for  the 
charge  remaining  on  the  interior  surface  of  the  air  apparatus, 
and  US'*  for  the  charge  of  the  interior  surface  of  the  other. 
Now  it  is  evident  that  the  air  apparatus,  having  a  charge  of 
only  114**  instead  of  145**,  which  it  ought  to  have  had,  arises 
from  a  charge  of  176%  being  the  diflFerence  between  the  total 
quantity  290**  and  114**,  having  passed  into  the  gum-lac 
apparatus:  we  ought,  therefore,  to  have  found  176**  instead 
of  113**  in  this  latter;  and,  as  we  find  only  113**,  it  is  because, 
induction  being  stronger  through  gum-lac  than  through  air, 
a  more  considerable  portion  of  the  free  electricity  has  been 
disguised;  in  fact,  the  quantity  of  electricity,  measured  by 
the  angle  of  torsion,  which  is  the  free  quantity,  ought  to  be 
less,  in  proportion  as  the  inductive  power  is  greater,  or, 
which  comes  to  the  same  thing,  this  power  is  the  inverse  of 
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the  quantity  that  remuns  free,  Thus^  if  we  call  1  the  in- 
ductive power  of  a  stratum  of  air^  and  a  that  of  a  stratum  of 
equal  thickness  of  gum-lacj  and  remembering  that  the  113^ 
of  charge,  in  the  experiments  which  were  given  with  the  in-' 
sulating  stratum  of  gum-lac,  would  have  given  176^  with  an 
insulating  stratuiil  of  air,  we  shall  have :  —  1 :  ^ : :  113^:  176^ ; 

whence,  a = vyo  =  1  '55. 

In  order  to  verify  these  results,  Faraday  then  made  the 
inverse  experiment :  he  began  by  charging  the  gum-lac  appa- 
ratus ;  he  then  made  it  communicate  by  the  inner  coatings 
with  the  air  apparatus.  He  found,  in  this  case,  that  the  free 
electricity,  with  which  each  of  the  two  apparatus  were 
charged  after  their  separation,  was  stronger  than  the  half  of 
the  initial  charge  of  the  former.  This  result  proves  that  the 
total  quantity  of  electricity,  with  which  the  interior  surface 
of  the  gum-lac  apparatus  is  charged,  is,  under  the  same 
circumstances,  much  more  considerable  than  that  with  which 
the  air  apparatus  is  charged,  because  the  former,  in  giving  to 
the  latter  a  stronger  charge  than  the  half  of  the  charge, 
which  this  latter  would  have  acquired  had  it  been  charged 
directly,  does  not  itself  lose  the  half,  but  merely  a  more  feeble 
proportion  of  its  proper  charge.  The  experiment  made  in 
this  mamier  shows  also  that  gum-lac  has  a  stronger  inductive 
power  than  air,  and  it  gives  the  same  numerical  result  for 
the  relation  of  these  two  powers.  Different  di-electric  bodies 
have  been  submitted  to  the  same  proof,  always  comparing 
them  with  air ;  the  experiment  upon  each  of  them  has  been 
repeated  several  times,  and  the  following  results  have  been 
obtained. 

Specific  inductive  potcerSy  that  of  air  being  1. 

Glaas 1-76 

Gum-lac  -----     200 
Sulphur    -  -  -  -  -    2-24 

The  result  of  2*0  obtained  for  gum-lac  is  a  little  different 
from  that  which  we  found  above ;  this  is  due  to  the  stratum 
of  gum-lac,  in  the  experiment  we  have  described  being  not 
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80  thick  as  that  of  the  air^  with  which  it  was  compared* 
Faradaj  has  found  that^  by  supposing  the  thickness  the 
same,  the  inductive  power  of  gum-lac  ought  to  be  2,  and  not 
1-50. 

Sir  W,  Harris  has  completed  Faraday's  experiments :  he 
gave  to  each  substance  the  form  of  a  disc  of  the  same 
thickness,  and  he  covered  it  on  each  face  with  a  disc  of  tin- 
foil, one-half  less  in  diameter.  These  were  true  magic 
pictures,  with  insulating  substances  of  different  natures.  By 
operating  in  this  manner  he  has  drawn  out  the  following 
table  of  the  inductive  power  of  these  substances :  — 

Air        ...         -  1-00  Glass      .  -         -         -  1-90 

Resin     -        .        -        -  1*77  Brimstone  ...  1*93 

Pitch     ....  1-80  Gum-lac  -         -         -  1*95 

Bees-wax        -        •        -  i-86 

Faraday  has  found  that,  among  liquids,  those  which  are 
tfa^  best  insulators,  such  as  turpentine  and  rectified  naphtha, 
when  submitted  to  experiment,  have  an  inductive  capacity 
superior  also  to  that  of  air;  but,  in  the  experiment  with 
liquids,  we  must  operate  on  those  alone  which  do  not  possess 
of  themselves  any  conducting  power,  a  property  that  would 
interfere  with  the  results. 

The  different  gases  have  all  been  similarly  subjected  to 
experiments;  they  have  been  compared  two  and  two,  by 
placing  one  in  one  apparatus,  and  the  other  in  the  other.  In 
like  maimer,  the  effect  of  air  more  or  less  rarefied  has  been 
compared  with  that  of  air  maintained  at  the  normal  pressure ; 
also  that  of  air  maintaiQed  at  0^,  with  that  of  air  heated  from 
50**  to  200**.  As  a  result  of  these  multiplied  experiments,  we 
have  succeeded  ia  detecting  that  all  gases  have  the  same 
power  and  possess  the  same  inductive  capacity,  and  that  the 
variations  in  pressure  or  in  temperature,  and  consequently  in 
density,  do  not  produce  any  further  effect.  When  the  rare- 
faction of  the  gas  arrives  at  a  certain  point,  however,  the 
discharge  occurs  between  the  two  coatings ;  but,  up  to  this 
moment,  there  is  no  change  in  its  di-electric  property.  We 
may  even  give  the  apparatus  so  feeble  a  charge  that  the 
discharge  does  not  occur,  and  we  thus  prove  that,  whatever 
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be  the  degree  of  the  rarefactions  of  the  air^  its  inductiye 
capacity  remains  the  same. 


Polarisation  of  IH-electrics,  and  molecular  Theory  of  Induction, 

It  follows,  therefore,  from  the  experiments  we  have  related, 
that  the  nature  of  the  insulating  or  coercing'*  medium  through 
which  the  induction  operates,  exercises  a  marked  influence  on 
the  phenomenon,  and  that  this  new  element  must  be  added 
to  those  which  we  have  already  recognised  as  having  an  in- 
fluence on  its  intensity,  such  as  the  greatness  of  the  electric 
charge,  the  distance  of  the  induced  body  and  that  of  the 
inducing  body.  It  is  an  effect  that  is  due  to  an  action  proper 
to  bodies;  but  what  is  this  action?  Faraday  admits  that 
it  consists  in  the  generation  of  molecular  strata,  alternately 
negative  and  positive,  which  succeed  each  other  in  the  di- 
electric, and  which  constitute  what  is  called  its  polarisation. 
However,  some  facts  that  had  already  been  observed  by 
Beccaria  and  other  philosophers,  and  studied  more  closely  by 
Faraday  himself,  by  showing  that  electric  charges  may  pe- 
netrate to  a  certain  depth  into  coercing  bodies,  seem  but  little 
favourable  to  this  hypothesis.  Thus,  two  discs  of  spermaceti, 
after  having  been  placed  upon  each  other,  were  armed  with 
metal  plates  so  as  to  form  a  magic  picture.  The  system 
was  electrised  and  then  discharged,  and  the  two  discs  of 
spermaceti  having  been  separated,  it  was  found  that  the  one 
upon  which  the  positive  coating  was  placed,  possessed  positive 
electricity,  and  that  the  other  was  negative,  like  the  coating 
which  covered  it  This  experiment  proved,  in  an  evident 
manner,  the  fact  of  penetration.  It  is  true  to  say  that  sperma- 
ceti is  not  a  perfect  insulator,  and  that  this  circumstance  may 
explain  to  a  certain  point  how  the  two  electricities,  being 
strongly  attracted  towards  each  other,  have  penetrated  it  in 
part 

We  have  already  seen,  in  the  fact  of  the  possibility  oi 


*  VITe  shall  frequcntlj  employ  this  word,  which  expresses  the  idea  of  a  body 
acting^in  a  certain  manner  upon  electricity  better  than  the  word  ^  insulating," 
which 'indicates  on]y  a  passive  or  negative  state.  ^ 
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removing  the  two  coatings  of  a  Leyden  jar  without  dis- 
charging it^  the  proof  of  the  adherence  or  of  the  penetration  into 
glass  of  the  electricities  possessed  by  bodies  in  contact  with  it : 
we  may  draw  the  same  conclusion,  as  far  as  resin  is  concerned^ 
from  the  experiment  of  the  Lichtenburg  figures.  However, 
these  facts,  while  demonstrating  that  electricity  accumulated 
upon  the  surface  of  an  insulating  body  may  penetrate  it  to 
a  certain  depth,  greater  or  less  according  to  the  nature  of 
this  body,  are  not  conclusive  against  the  possibility  of  its 
polarisation. 

The  following  experiment  of  M.  Matteucci  seems,  on  the 
other  hand,  to  prove  in  a  positive  manner  the  polarisation  of 
coercing  bodies.  Many  very  thin  plates  of  mica  are  super- 
posed and  strongly  compressed ;  upon  the  two  opposite  faces 
of  this  kind  of  pile  are  applied  two  tin-foil  coatings,  so  as  to 
constitute  a  magic  picture.  After  having  charged  it,  the 
coatings  are  taken  away  with  an  insulating  handle,  and  the 
diflFerent  plates  of  mica  are  then  successively  detached  one 
from  the  other.  It  is  found  that  each  of  them  has  one  of  its 
faces  positive,  and  the  other  negative;  the  face  in  contact 
with  the  positive  coating  being  positive,  and  that  which  had 
been  in  contact  with  the  negative  coating  being  negative. 
The  intensity  of  the  electric  charges  goes  on  diminishing  from 
the  extreme  plates,  where  they  are  at  their  maximum,  to  the 
middle  plates,  where  they  are  at  their  mininum :  tliis  difference 
is  probably  due  to  the  surfaces  of  the  plates  being  found 
greater  at  the  extremities  than  at  the  centre  of  the  system. 
Care,  however,  must  be  taken,  in  separating  the  plates  from 
each  other,  to  avoid  all  friction ;  we  discover,  by  direct  means, 
that  the  simple  fact  of  detaching  them  does  not  constitute 
them  in  an  electric  state.  The  polarisation  of  insulating  or 
coercing  bodies  seems  to  be  proved  by  the  experiment  we 
have  just  related ;  and  it  may  equally  occur,  even  though  their 
insulating  power  is  not  sufficiently  good  to  prevent  their 
being  penetrated  to  a  certain  depth  by  the  electricity  of  a 
coating  applied  upon  their  surface.  Setting  out  from  the 
principle,  that  all  insulating  bodies  are  susceptible  of  being 
polarised,  Mr.  Faraday  deduced  tlie  consequence,  that  it  is  by 
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their  intervention  that  all  the  phenomena  of  induction  are 
brought  about^  and  that  there  is  no  action  at  a  distance^  or  at 
least  at  a  distance  greater  than  that  which  separates  two 
molecules  that  immediately  follow  each  other.  Most  commonly 
it  is  the  air  whose  polarised  particles^  like  the  plates  of  mica 
in  the  preceding  experiment^  transmit  from  one  electrised  body 
to  another^  which  is  not  so^  the  inductive  effect  of  the  former. 
It  may^  in  like  manner,  be  any  other  gas  or  insulating  body ; 
but  then  the  effect  is  transmitted  in  a  better  or  worse  degree, 
according  to  the  inductive  power  of  the  body.  This  manner 
of  regarding  the  phenomena  differs  essentially  from  that  which 
we  had  hitherto  adopted:  in  this  latter,  the  insulating  or 
coercing  bodies  only  play  a  passive  part,  consisting  simply  in 
preventing  the  reunion  of  the  opposite  electricities,  without 
themselves  experiencing  any  modification  in  the  electric  state 
of  their  mass. 

To  render  the  molecular  polarisation  of  the  contiguous  par- 
ticles of  a  di-electric  body  visible,  which  cannot  be  the  case 
when  we  arc  acting  upon  air,  we  employ  essence  of  turpentine, 
in  which  are  placed  filaments  of  silk  about  a  tenth  of  an  inch 
in  length.  The  bottom  of  the  vessel,  in  which  the  essence  is 
placed,  is  of  metal,  and  communicates  with  the  charged  con- 
ductor of  an  electrical  machine :  no  effect  is  manifested  imtil 
we  bring  near  to  the  surface  of  the  liquid  a  conductor  held  in 
the  hand ;  but  at  the  moment  when  this  approach  takes  place, 
we  see  the  filaments  of  silk  arrange  themselves  in  every 
direction,  and  unite  end  to  end,  so  as  to  form  an  uninterrupted 
chain  between  the  metal  body  and  the  exterior  conductor, 
towards  which  they  tend  without  touching  it 

These  particles  adhere  strongly  to  each  other,  as  we  may 
discover  by  touching  them  with  a  glass  tube;  but  imme- 
diately the  conductor  of  the  machine  is  discharged,  they  fall 
and  go  to  the  bottom  of  the  vessel.  The  filaments  of  silk 
represent  the  particles  of  the  essence  in  which  they  float ;  and 
the  pplar  state  that  they  assume  is  similar  to  ^at  of  con* 
ductors  insulated  from  each  other,  and  placed  under  the  same 
circumstances.  In  place  of  the  filaments  of  silk  we  may  put 
powdered  sugar  into  the  vessel,  the  particles  of  which  in  a 
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similar  manner  form  a  chain,  which  indicates  their  polar  state. 
Small  particles  of  gold  leaf  have  also  been  placed  in  it,  which 
arrange  themselves  in  a  similar  manner,  but  which,  on  ac- 
cotmt  of  their  conducting  nature,  discharge  themselves  upon 
each  other,  as  is  indicated  hj  the  small  sparks  that  are  seen 
to  glisten  between  them. 

If  we  regard  the  whole  mass  of  a  di-electric  placed  near 
an  electrised  body,  we  shall  remark  that  each  of  its  particles, 
according  to  the  preceding  theory,  must  be  in  active  relation 
not  only  with  the  particles  which  precede  it,  but  with  all  those 
that  surround  it  in  all  directions;  from  this  there  results  a 
division  of  forces  in  every  direction,  and  the  inductive  lines 
of  action  along  which  polarisation  is  brought  about,  when 
they  encounter  no  obstacle,  tend  to  propagate  from  each  par- 
ticle as  from  a  centre ;  they  may  even  take  a  curvilinear  direc- 
tion, when  any  obstacle  is  opposed  to  their  free  propagation. 

Faraday  has  endeavoured  to  verify  the  accuracy  of  this 
latter  conclusion,  by  proving  directly  from  experiment  that 
induction  may  be  exercised  in  a  curved  line.  With  this 
view  he  took  a  cylinder  of  gum-lac  6  or  8  inches  long,  and 
about  an  inch  in  diameter.  He  fixed  it  vertically  on  a  wooden 
foot,  and  placed  a  metal  sphere  of  a  diameter  at  least  equal  to 
that  of  the  cylinder  upon  its  upper  extremity,  which  was  ren- 
dered concave  for  this  purpose.  Then,  having  rubbed  the 
gum-lac  with  warm  flannel,  in  order  to  electrise  it  without 
touching  the  conductor,  he  touched  with  the  proof-plane  the 
different  points  of  the  metal  sphere,  electrised  as  it  was  by 
the  induction  of  the  negative  electricity  of  the  gum-lac.  The 
proof-plane  was  always  charged  with  positive  electricity,  at 
whatever  point  of  the  surface  of  the  conductor  it  was  placed, 
— a  proof  that  no  part  of  this  conductor  takes  from  the  gum- 
lac  by  communication  its  negative  electricity,  and  that  it  is 
only  by  induction  that  it  is  electrised  throughout.  We  nrast 
always  take  care  to  touch  the  proof-plane  whilst  it  is  in  contact 
with  the  spherical  surface ;  but,  according  to  the  points  of  this 
surface  with  which  it  is  in  contact,  it  acquires  a  stronger  or  a 
more  feeble  chai-ge.  Thus,  if  we  touch  the  spherical  portion 
very  near  the  cylinder  upon  which  it  is  placed,  there  is  a 
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charge  of  512^ ;  by  touching  it  on  the  summit^  the  charge  is 
not  more  than  130° ;  and  it  is  270**  if  the  contact  takes  place 
at  a  point  equally  distant  from  the  summit  and  from  the 
very  point  where  the  sphere  rests  upon  the  cylinder  of  gum- 
lac.  These  differences  in  the  intensity  of  the  electricity  in- 
duced upon  the  different  points  of  the  sphere^  not  being  able^ 
according  to  Mr.  Faraday,  to  be  explained  but  by  admitting 
that,  since  induction  takes  place  by  the  intervention  of  the 
particles  of  air,  it  is  necessarily  more  feeble  at  the  points  upon 
which  it  can  exercise  itself  only  along  curved  lines,  such  as 
the  summit  and  surrounding  parts,  than  it  is  at  the  nearer 
points  upon  which  it  exercises  itself  along  straight  lines,  or 
along  a  very  feeble  curvature. 

Analogous  and  still  more  striking  results  are  obtained  by 
placing  upon  the  cylinder,  instead  of  a  sphere,  a  hemisphere 
or  metal  disc,  the  diameter  of  which  is  greater  than  that  of 
the  cylinder  (at  least  double).  If  we  touch  the  different 
points  of  the  hemisphere  with  the  proof-plane,  we  find  that 
the  charge  which  it  acquires  is  less  upon  the  points  of  the  flat 
circular  surface  which  terminates  it  above,  than  it  is  upon 
the  lateral  parts  of  the  curved  surface ;  and  that  it  is  at  its 
minimum  in  the  centre  of  this  flat  surface.  But  if  we  elevate 
the  proof-plane  itself  vertically  over  the  centre,  the  induced 
charge  that  it  acquires  becomes  more  considerable  up  to  a 
certain  height,  beyond  which  it  decreases.  When  it  is  a  disc 
that  is  placed  upon  the  gum-lac  cylinder,  we  obtain  no  signs 
of  induced  electricity  by  touching  it  at  its  centre  ;  while  the 
proof-plane  is  electrised  by  induction,  if  we  raise  it  above  this 
centre. 

From  these  various  experiments,  and  especially  from  the 
latter,  it  follows  that  the  induction  does  not  take  place  through 
the  metal ;  that  it  is,  therefore,  brought  about  by  the  inter- 
vention of  the  molecules  of  air,  and  along  lines  which,  setting 
out  from  the  different  points  of  the  gum-lac  cylinder,  curve 
themselves  more  or  less  around  the  sphere,  the  hemisphere, 
or  the  disc,  in  order  to  arrive  at  the  point  where,  the  plane 
being  at  the  very  centre  of  the  disc,  the  curvature  of  the  lines 
of  induction  is  too  strong  for  induction  to  be  propagated  to  it. 
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The  effects  remain  the  same  when  the  metal  bodj  that 
rests  upon  the  gum-lac  cylinder  communicates  with  the 
ground  by  means  of  a  wire  passing  through  the  axis  of  the 
cylinder.  On  the  other  hand^  if  the  gum-lac  is  entirely 
surrounded  with  a  metal  envelope  communicating  with  the 
ground^  the  whole  of  the  effects  cease  to  take  place. 

Without  concealing  from  ourselves  the  importance  of  the 
preceding  experiments,  we  cannot,  however,  regard  them  as 
leading  necessarily  to  the  conclusion  which  their  author  has 
drawn  from  them,  namely,  that  induction  is  brought  about 
by  the  intervention  of  particles  of  air,  arranged  according  to 
curved  or  straight  lines.  In  fact,  it  would  not  be  impossible, 
as  we  think,  to  explain,  by  the  received  theories  of  induction, 
and  by  resting  upon  the  principles  that  we  have  established 
in  the  former  chapters  of  this  Second  Part,  the  electric  state 
of  metal  surfaces,  placed  upon  the  gum-lac  cylinder,  as 
detected  by  the  proof-plane.  We  recognise,  however,  that 
there  is  a  new  point  acquired  to  science,  namely,  that  of 
the  polarisation  of  the  insulating  body ;  in  this  respect,  the 
former  experiments  of  Faraday,  and  those  of  Matteucci  that 
we  have  related  above,  establish  it  in  a  positive  manner; 
if  not  for  air  and  gases,  at  least  for  solids  and  liquids.  With 
regard  to  air  and  gases,  we  shall  find  in  phenomena  of 
another  order,  namely,  those  that  relate  to  discharges,  a 
demonstration,  if  not  direct,  at  least  suiSciently  proving  the 
existence  among  them  of  this  polarisation.  Considerations  of 
this  kind  also  follow  from  Mossotti's  labours,  with  which  we 
shall  be  occupied  further  on. 


Faraday's  general  Theory  of  Static  Electricity, 

Setting  out  from  the  preceding  facts,  Mr.  Faraday  lays 
down  as  a  principle,  that  an  absolute  electric  state,  whether 
positive  or  negative,  cannot  exist  in  a  body ;  but  that  every 
electrised  body  always  finds  near  to  it,  either  in  the  insulating 
or  conducting  bodies  with  which  it  is  surrounded,  a  contrary 
electrical  state  to  its  own,  which  makes  induction  a  general 
phenomenon.     This  general  condition,  to  which  all  electrical 
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phenomena  are  subjected,  possesses  a  great  analogy  with  the 
fact  of  the  action  and  reaction  of  mechanical  bodies.  Thus, 
a  steel  spring  [»*esent6  to  us  the  example  of  a  body  susceptible 
of  exciting  a  force  as  soon  as  an  exterior  agent  renders  it 
evident  The  condition  which  the  action  of  the  spring  must 
obey,  is  to  exercise  itself  to  the  same  degree  in  two  opposite 
directions*  If  we  compress  or  extend  the  spring,  we  perceive 
its  action  and  its  reaction ;  not  only  do  we  thus  establish  the 
existence  of  two  opposite  forces  at  its  two  extremities,  of 
which  one  must  be  regarded  as  positive,  tiie  otiier  as  ne- 
gative; but  we  shall  perceive  that  each  intermediate  section 
of  tiie  spiral  is  in  a  similar  state  of  action  and  reaction,  or, 
which  comes  to  the  same  thing,  in  a  kind  of  polar  state*  In 
estimating  tiie  sum  of  the  forces  we  measure  it  in  a  certain 
direction;  and  we  are  compelled  to  admit  tiiat  the  sum  of 
these  forces,  in  the  opposite  direction,  is  equal  to  tiie  former. 
It  must  be  the  same  with  electricity.  All  the  phenomena  of 
positive  and  negative  diectricity  may  probably  be  explained 
by  the  action  and  reaction  of  a  force  capable  of  being  mani- 
fested in  different  degrees  in  dif- 
ferent substances,  more  simply  than 
by  tiie  hypothesis  of  imponderable 
fluids.  The  two  opposite  forces  of 
electricity  resemble  in  fact  action 
and  reaction,  in  that  they  always 
accompany  each  otiier. 

The  following  is  an  experiment 
which,  in  fact,  shows  that  the  elec- 
tricity developed  by  inductioii  is 
contrary,  and  perfectly  equal  in  in- 
tensity, to  that  which  developes  it 
An  insulated  and  electrised  ball  is 
placed  in  the  interior  of  a  cylindrical 


o 


jar. 


the  dimensions  of  which  are 


Fig-  68*  very  great,  in  relation  to  those  of 

the  ball  {Fig.  68.).  The  jar  communicates  with  a  gold-leaf 
electroscope,  which  diverges  immediately  that  the  electrised 
ball  is  introduced  within;  the  ball  is  then  made  to  touch  the 
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jar^  and  it  loses  its  electricity,  and  the  electroscope  diverges 
neither  more  nor  less  than  before.  This  experiment  proves 
that  the  electricity  which  is  induced  by  the  ball  and  that 
which  it  possesses  are  exactly  equivalent  in  quantity  and  in 
power,  whatever  be  the  position  of  the  ball  in  the  interior  of 
the  jar ;  whether  it  be  nearer  or  farther  jfrom  the  bottom  or 
the  sides,  the  divergence  of  the  electroscope  is  the  same.  Instead 
of  a  single  jar,  three  or  four  may  be  placed  concentric  and 
insulated  from  each  other  by  plates  of  gum-lac,  which  separate 

the  bottom  of  each  of  them  from 
the  bottom  of  the  succeeding  jar 
{Fig,  69.),  the  electroscope  still  com- 
municating with  the  outer  surface 
of  the  outer  jar:  the  eflfect  is  exactly 
the  same  as  if  there  were  only  one 
jar ;  it  is  also  the  same  if  the  four 
jars  are  in  metallic  communication 
with  each  other.  When  a  gum-lac 
or  a  sulphur  jar  is  introduced  in. 
place  of  the  inner  jar,  leaving  still  a 
metal  jar  outside  and  the  electrised 
ball  in  the  centre,  not  the  slightest 
change  occurs  in  the  divergence  of 
the  gold  leaves  of  the  electroscope 
of  the  outer  jar.  We  see,  therefore, 
by  this  experiment,  that  the  principle  laid  down  above,  of  the 
equality  of  the  two  forces  that  constitute  the  two  electricities, 
is  general;  for  it  is  verified  in  very  difiPerent  cases,  and 
notably  in  di-electrics,  such  as  gum-lac  and  sulphur,  of  an 
inductive  power  very  different  irom.  that  of  air.  Another 
manner  of  demonstrating  the  same  principle  is  to  introduce  a 
small  electrised  sphere  into  the  centre  of  a  hollow  unelectrised 
and  insulated  sphere.  The  electricity  which  the  latter  ac- 
quires by  induction  is,  as  the  indications  of  an  electroscope 
show,  exactly  equal  to  that  which  it  acquires  by  communi- 
cation on  being  placed  in  contact  with  the  small  interior  globe, 
which  has  remained  electrised. 

By  applying  his  theoretical  ideas  to  other  and  difierent 
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phenomena  of  static  electricity,  Faraday  is  led  to  admit  that 
the  tendency  of  electricity  to  distribute  itself  on  the  surface  of 
conducting  bodies  is  more  apparent  than  real ;  and  that  the 
experiments  which  prove  that  there  is  not  in  fact  any  free 
electricity,  except  at  their  surface,  are  easily  explained  in 
another  manner.  No  electric  charge,  according  to  his  theory, 
can  be  manifested  in  the  interior  of  a  body,  on  account  of  the 
opposite  directions  of  the  electricities  in  each  of  the  interior 
particles;  whence  the  resulting  effect  is  null:  whilst  the 
induction  exercised  by  exterior  bodies  renders  the  electricity 
sensible  on  the  surface.  From  this  maimer  of  regarding  it, 
electricity  must  show  itself  only  on  the  surface  of  a  conducting 
envelope,  whatever  be  its  conductibility  or  the  insulating 
property  of  the  substance  placed  within.  Faraday,  in  fact, 
demonstrated  this  by  strongly  electrising  oil  of  turpentine, 
placed  in  a  metal  vesseL  There  was  no  apparent  electricity 
except  on  the  exterior  surface  of  the  vessel.  He  also  con- 
structed a  cubical  chamber  twelve  feet  square,  the  wooden  sides 
of  which  were  covered  outside  with  tin-foil :  he  insulated  it ; 
then,  after  having  introduced  into  it  electroscopes  and  other 
objects,  he  electrised  the  interior  air  with  a  strong  machine. 
No  trace  of  electricity  was  manifested  within,  whilst  con- 
siderable sparks  and  luminous  brushes  darted  off  in  all 
directions  from  the  exterior  surface.  While  these  experiments 
complete  those  of  Coulomb,  in  which  he  operated  only  upon 
conducting  bodies,  they  render  the  explanation  that  was  given 
rather  improbable,  since  it  was  based  upon  the  free  pro- 
pagation of  electricity  in  the  conducting  mass;  whence  it 
followed  that  this  electricity  distributed  itself  entirely  on  the 
surface.  When  once  the  phenomenon  has  occurred  in  the 
same  manner  with  insulating  bodies  placed  interiorly,  this 
explanation  ia  not  tenable. 

With  regard  to  the  influence  of  form  upon  the  quantity  of 
electricity  accumulated  at  the  surface  of  bodies  not  spherical, 
it  would  always  depend,  according  to  Faraday's  theory,  upon 
some  points  of  the  surface  being  exposed  to  a  greater  amount 
of  inductive  forces  than  others.  Thus  the  extremities  of  a 
cylinder,  or  of  an  elongated  ellipsoide,  would  be  more  strongly 
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electrised  than  the  rest  of  the  surface^  because  there  go  from 
them  a  greater  nximber  of  filaments  of  polarised  particles, 
establishing  with  surronnding  conductors  the  communication 
neoessarj  for  induction.  A  point  is  far  superior  in  this 
respect ;  for  it  is  the  centre  whence  emanate,  in  all  directions, 
the  lines  of  inductive  force,  which,  for  example,  when  a  ball 
is  in  question,  are  found  distributed  over  a  greater  extent, 
and  do  not  set  out  from  a  single  point  only,  but  equally  from 
all  points  of  its  surface. 

In  the  theory  that  we  have  been  explaining,  the  mutual 
repulsion  of  bodies  charged  with  the  same  electricity  is  only 
apparent;  it  is  called  into  existence  because  there  is  no 
electricity  on  the  nearer  sur&ces,  and  because  each  of  the 
bodies  is  attracted  in  opposite  directions  by  the  surrounding 
bodies,  upon  which  induction  determines  an  electrical  state 
dissimilar  to  their  own.  We  may  even  prove,  by  means  of 
the  proof-plane,  that  the  two  gold  leaves  of  an  electroscope, 
when  they  are  diverging,  have  no  electricity  on  their  interior 
surface,  whilst  they  are  strongly  electrised  exteriorly,  however 
thin  they  may  be  in  other  respects.  Repulsion  is  also 
explained  by  attributing  it  to  the  attraction  exercised  upon 
each  of  the  two  gold  leaves  by  the  contrary  electricity,  de- 
veloped by  induction,  in  the  strata  of  air  in  contact  with  their 
exterior  surface.  This  mode  of  action  of  the  air  is  much 
more  natural  and  more  probable  than  that  in  which  it  is 
regarded  as  determining  repulsion  by  the  greater  pressure  from 
within  outwards,  than  inwards  fr^m  without,  which  it  exercises 
upon  electrised  bodies.  However,  the  experiments  which  show 
that  repulsion  takes  place  in  vacuo  as  well  as  in  air,  would 
seem  to  be  equally  contrary  to  these  two  explanations,  except 
that,  in  the  former,  we  admit  the  effect  by  induction  of  the 
ambient  bodies,  even  when  they  are  placed  at  a  great 
distanca 

Faraday  was  not  contented  to  follow  out  the  consequences 
of  his  theory,  as  far  as  the  phenomena  of  static  electricity 
alone  are  concerned.  He  followed  them  out  equally  in  the 
effects  of  dynamic  electricity,  of  which  indeed  he  made  the 
happiest  applications.     He  studied  and  classified  the  different 
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modes  in  which  electrical  discharges  take  place  between 
bodies  charged  with  a  different  electricity.  He  particular!  j 
showed  that  the  return^  as  far  as  electricity  is  concerned^  to 
a  state  of  equilibrium,  of  the  polarised  particles  of  dielectric 
or  coercing  bodies  constitutes  discharge,  and  is  the  origin  of 
the  greater  part  of  the  phenomena  that  accompany  it,  such, 
especially,  as  the  rupture  of  these  bodies.  He  has  farther 
shown  that,  although  the  inductive  capacity  is  in  no  degree 
modified  in  gases,  by  a  difference  in  their  nature  or  their 
density,  the  distance  at  which  the  discharge  with  a  spark  can 
occur  is  extremely  influenced  by  the  physical  state  of  the 
medium,  as  also  by  its  chemical  nature.  Density,  in  par- 
ticular, has  this  influence,  that  the  limit  of  the  charge  that  an  • 
insulated  conducting  body  may  acquire  depends  on  the  number 
of  the  particles  of  the  ambient  di-electric,  to  which  this  charge 
may  be  communicated  by  induction ;  the  fewer  Aere  are,  the 
more  quickly  we  attain  to  the  limit.  It  would  also  appear 
that,  for  an  equal  number  of  particles,  they  experience  the 
effects  of  induction  more  or  less  rapidly,  according  to  their 
nature.  But  this  subject,  and  all  the  details  connected  with 
it,  will  be  treated  upon  in  the  Fourth  Part;  we  shall  not 
detain  ourselves  with  it  any  longer  at  present.  ^ 

We  have  thus  laid  down  Mr.  Faraday's  theory  of  the  "V 
phenomena  of  static  electricity.  Although  it  still  has  need  of  | ! 
being  more  precise,  it  deserves,  however,  even  in  its  present 
state,  to  draw  the  serious  attention  of  philosophers.  It  has  in 
its  favour,  as  we  shall  see,  the  establishing  a  more  intimate 
connection  between  the  phenomena  of  static  and  those  of 
dynamic  electricity;  it  seems  to  be  based  upon  a  sound 
principle,  namely,  that  electric  actions  are  never  manifested, 
except  by  the  intervention  of  material  particles;  finally,  it 
tends  to  bring  about  a  remarkable  approximation  between 
electric  forces  and  the  other  forces  of  nature.  M.  Mossotti,  a 
learned  mathematician,  by  the  application  of  calculation  and 
of  the  laws  of  mechanics,  has  already  succeeded  in  explaining 
by  this  theory,  in  a  satisfactory  manner,  the  laws  discovered 
by  Coulomb,  and  which  Poisson  had  connected  with  the  theory 
of  two  imponderable  fluids.   However  much  we  may  recognise     « 
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the  application  of  this  latter  theory,  we  cannot  yet  completely 
admit  the  new ;  in  other  words,  we  cannot,  in  the  incontestible 
fact  that  the  insulating  medium  that  separates  two  bodies^ 
between  which  electric  induction  is  exercised,  modifies  this 
action  and  is  itself  influenced  by  it, — we  cannot  see  in  this 
the  demonstrative  proof  that  induction  is  exercised  by  means 
of  it  Could  it  not  happen  that,  induction  having  determined 
at  a  distance  an  electric  state  in  a  body  different  from  that 
existing  in  the  inducing  body,  these  two  contrary  electricities 
would  modify  the  electric  state  of  the  particles  interposed  upon 
the  line  that  separates  them,  as  in  their  turn  they  may  be 
modified  by  these  particles  ?  What  would  make  us  incline 
to  an  explanation  of  this  kind,  is  the  diflSculty  of  conceiving  a 
power  of  induction  emanating  indifferently  in  all  directions 
from  an  electrised  body,  like  a  species  of  radiation ;  whilst  we 
know  by  experience  the  very  great  influence  that  the  presence 
of  a  conducting  body,  placed  in  a  certain  position,  exercises 
over  the  direction  of  this  emanation.  It  is  true  that  Faraday 
and  the  partisans  of  his  theory  reply  to  this  objection  by  the 
experiment  that  we  have  quoted  above,  of  the  small  electrised 
sphere,  placed  in  the  centre  of  the  large  one,  and  by  certain 
considerations,  drawn  from  the  reaction  that  the  conducting 
body,  when  exposed  to  the  influence  of  an  electrised  body, 
must  in  its  turn  exercise  over  this  body.  But  we  do  not 
believe,  notwithstanding  these  replies,  that  the  principle  of 
radiation  of  the  inductive  power  in  every  direction  indifferently 
is  demonstrated.  The  effects  that  occur  in  vacuo,  as  we  have 
already  said,  equally  appear  to  us  as  a  very  strong  objection 
against  the  theory  that  denies  all  action  at  a  distance ;  unless 
we  suppose  that  the  particles  which  remain  even  in  the  most 
l)erfect  vacuum  are  sufiicient  to  explain  the  phenomena  that 
occur,  which  appears  scarcely  probable.  Furthermore,  the  very 
obscure  and  curious  part  that  vacuum  plays  in  electrical 
phenomena  will  also  in  the  Fourth  Part  form  the  subject  of 
a  close  examination ;  for  it  is  intimately  connected  with  the 
effects  of  electric  discharges. 

The  objections  that  we  have  been  offering  against  Faraday's 
theory  are  confirmed  by  some  recent  researches  that  Matteucci 
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has  made  on  the  propagatioili'  of  electricity  in  solid  insulating 
bodies ;  and  as  the  result  of  which  he  arrived  at  conclusions 
diflferent  from  those  of  Faraday,  upon  the  part  played  by  these 
bodies  in  the  phenomena  of  induction.  He  has  satisfactorily 
proved  that,  in  insulating  bodies,  there  is  developed  in  presence 
.  of  an  electric  body  a  molecular  electric  state,  according  to 
which  each  molecule  of  the  insulating  body  has  the  two 
contrary  electric  states  developed  on  its  opposite  faces.  This 
molecular  electrisation  is  manifested  in  a  different  degree  by 
the  different  insulating  bodies :  it  is  this  which  is  the  cause, 
for  example,  of  sulphur  and  resin  exercising  an  imequal 
attractive  power  upon  the  same  electrised  pendulum :  more- 
over, it  is  developed  or  ceases  at  the  very  moment  when  the 
presence  of  the  electrised  body  commences  or  ceases.  The 
molecular  electric  states  may  destroy  each  other;  and  the 
electricity  may  propagate  itself  either  on  the  sur&ce  or  in  the 
interior  of  insulating  bodies;  the  insulating  power  consists 
precisely  in  the  greater  or  less  resistance  oj^sed  by  bodies 
that  are  endowed  with  it,  to  the  destruction  of  the  molecular 
electric  states  by  the  entry  or  the  escape  of  the  electric  fluid 
from  the  molecules  themselves ;  in  no  case  can  electricity 
penetrate  into  the  molecules  of  an  insulating  body  without 
having  overcome  the  repulsive  force  of  the  electricity  of  the 
same  kind  that  is  found  upon  the  molecules  themselves. 

All  the  experiments  by  means  of  which  M.  Matteucci 
arrived  at  the  results  that  we  have  been  enumerating  were 
made  by  means  of  apparatus  similar  to  Coulomb's  balance ; 
but  the  details  of  the  construction  of  which  corresponded  with 
the  particular  object  he  had  in  view^  It  is  easy,  in  particular, 
to  prove  the  propagation  of  electricity  in  the  interior  of  an 
insulating  body.  A  cylinder  of  stearine  or  one  of  sidphur 
having  been  placed  in  contact  with  the  conductor  of  the 
electrical  machine  in  action,  and  then  rubbed  on  its  surface, 
gives  signs  of  negative  electricity;  being  then  placed  upon 
a  conductor,  it  ceases  to  give  them;  and,  in  a  little  time 
afterward,  it  gives  signs  of  positive  electricity.  Moreover, 
Faraday,  by  making  use  of  discs  of  spermaceti,  had  already 
proved  this  penetration  of  electricity  into  insulating  bodies. 
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The  first  and  the  most  important  of  Matteucci's  experiments 
is  that  which  he  made  with  insulating  plates  fixed  by  sealing- 
wax  to  glass  rods  4|  in.  long,  and  which  he  introduced  sue- 
eessively,  holding  them  by  this  stem,  into  the  interior  of  the 
cage  of  a  Coidomb's  balance,  having  its  two  electrised  balls 
divergent.  The  insulating  plate  was  introduced  so  that  its 
centre  was  in  contact  with  the  fixed  ball,  the  electric  reaction 
of  which  it  diminished  at  the  end  of  a  few  seconds.  And 
the  ball  in  contact  with  the  plate  having  lost  a  certain 
quantity  of  electricity,  which  has  diffused  itself  upon  the  plate, 
the  repulsive  force  that  remains  after  the  contact,  when  com- 
pared with  that  formerly  existing,  must  in  each  case  give  the 
measure  of  the  electricity  that  has  passed  into  the  insulating 
plate.  Many  experiments,  made  with  plates  of  sulphur,  showed 
that  the  greatest  loss  occurs  with  the  thinnest  plate,  and  the 
one  that  has  the  least  surface;  whereas,  while  the  contact 
lasts,  the  electric  force  is  the  less,  as  the  mass  of  the  instdating 
plate  is  the  more  considerable.  So  that  we  must  not  confoimd 
this  latter  force  with  that  which  remains  after  contact  has 
occurred ;  which  may,  according  to  circumstances,  be  greater 
or  less  than  the  former. 

In  comparing  the  effects  obtained  with  plates  of  different 
natures,  we  find  very  variable  restdts  with  glass,  which  is 
always  more  or  less  hygrometric ;  and,  on  the  other  hand,  very 
constant  results  with  gum-lac  and  sulphur,  which  produce  the 
same  loss  of  electricity  upon  an  electrised  metal  ball,  when 
touched  by  them.  A  ^ass  plate,  covered  with  a  coat  of  gum- 
lac  varnish,  produces  the  same  effect,  providing  the  coating 
be  at  least  ^^^  in.  thick.  Otlier  experiments  were  made  by 
putting  the  plate  between  two  contrary  electric  charges,  or, 
in  other  words,  by  using  plates  of  different  natures  as  the  in- 
stdating stratum  between  the  two  coatings  of  a  magic  pane.  It 
was  by  operating  in  a  very  similar  manner  that  Faraday,  and 
after  him  Harris,  found  differences  between  different  bodies^ 
with  regard  to  their  influence  upon  the  charge  of  the  two 
coatings,  and  determined  their  specific  inductive  power. 
M.  Matteucci,  thinking  that  these  differences  are  due  only  to 
differences  in  the  propagation  of  the  electricity,  either  upon 
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the  surface  or  at  a  very  small  depth  in  the  interior  of  the 
bodies,  formed,  with  this  in  view,  an  insulating  plate,  hollow 
within,  formed  of  plates  of  mica,  secured  together  with  gum- 
lac  The  surface  of  this  plate  waa  about  4  sq.  inches,  and  it 
was  a  kind  of  box ;  its  interior  surface  was  covered  with  a 
layer  of  gum-lac  y\f  in.  thick :  it  consisted  then,  in  fact,  of  a 
stratum  of  air  f  in.  thick,  interposed  between  two  plates  of 
mica  covered  with  gum-lac  After  having  operated  with  this 
plate,  M.  Matteucci  introduced  into  it  melted  sulphur,  which 
thus  formed  a  stratum  of  sulphur  y\j  in.  thick,  substituted  for 
the  stratum  of  air :  the  results  were  exactly  the  same  in  both 
cases.  They  were  also  the  same  with  a  plate  of  sulphur  and 
one  of  flint-glass,  covered  with  a  layer  of  sulphur  y^f  in.  thick, 
— with  a  plate  of  gum-lac  and  one  of  sidphur,  covered  with  a 
layer  of  sidphur  ^  in.  thick. 

All  these  residts  would  seem  to  prove  that  the  differences 
found  by  some  philosophers  with  insulating  plates  of  different 
natures,  employed  for  forming  magic  panes,  are  not  due  to 
a  specific  inductive  power.  In  fact,  we  see  that  a  certain 
insulating  plate  produces  the  same  effects  as  another  different 
one,  provided  that  the  surface  of  the  former  plate  is  formed  of 
a  layer  of  the  same  insulating  material  as  that  of  which  the 
whole  of  the  second  is  composed ;  but  it  is  necessary  that  the 
layer  which  is  added  should  possess  a  certain  degree  of  thick- 
ness/in  order  that  its  effects  shall  be  similar  to  diat  of  a  plate 
formed  entirely  of  the  same  substance  as  this  layer.  It  is 
therefore  to  differences  in  the  propagation  of  electricity,  either 
at  the  surface  or  in  the  interior  of  different  insulating  bodies, 
that  we  must  have  recourse,  according  to  Matteucci,  in  order 
to  explain  the  phenomena  observed  by  Faraday  and  by 
Harris. 

The  observations  that  we  have  just  reported  are  unques- 
tionably of  a  nature  to  cast  some  doubt  upon  the  part  played, 
according  to  Faraday,  by  insulating  bodies  in  the  phenomena 
of  induction  of  static  electricity.  But,  although  we  may 
recognise  with  Matteucci  that  electricity  penetrates  into  in- 
sulating bodies,  it  is  difficidt  for  us  to  admit  with  him  that  the 
electricity  diffiised  over  their  surface,  and  propagated  into 
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their  interior,  returns  on  the  instant  to  the  surface  of  this 
body,  when  it  is  covered  with  a  metal  plate  in  communication 
with  the  grounds  The  subject  deserves,  therefore,  being 
further  studied ;  in  any  case  one  point  is  gained,  for  it  is  to  be 
deduced  from  all  the  experiments: — it  is  that  of  molecular . 
polarigQ^'*^Tl»  w^^'^^  ^tft^  h^w  dftTnftr°tjrfltf>^  '^  insulating  bodies^ 
and  which_is  probablyjthe  jnode  of  the  propagation  of  elec- 
tnot^tjually  in  conducting  l>Qdies«.  In  this  respect  Faraday's 
theory,  although  presenting  in  its  details  many  objections,  ap- 
pears to  us  to  rest  in  the  main  upon  a  perfectly  just  principle. 
We  shall  return  to  this  subject  in  the  Fourth  Part,  when 
we  are  engaged  upon  electric  discharges  and  their  eflFects. 
There  exists,  in  fact,  between  the  molecular  induction,  that 
belongs  to  static  electricity,  and  the  discharges,  that  are  one 
of  the  phenomena  of  dynamic  electricity,  an  intimate  connec- 
tion, which  establishes  an  important  relation  between  the  two 
forms  under  which  electricity  is  presented. 


Franklin^ 8  Tlieory  of  a  mvgle  Fluid. 

We  have  not  spoken  in  this  Chapter  of  a  theory  which,  by 
its  apparent  simplicity,  and  from  the  name  of  its  author, 
enjoyed  great  favour  for  some  years.  It  is  Franklin's  theory 
of  a  single  fluid.  This  fluid  possesses  precisely  all  the  pro- 
perties that,  in  the  theory  of  two  fluids,  are  attributed  to  each 
of  them  considered  separately."  It  is  composed  of  particles 
infinitely  attenuated,  which  all  repel  each  other  with  a  force 
the  inverse  of  the  square  of  the  distance.  In  the  theory  of  a 
single  fluid  each  body  in  its  natural  state  contains  a  certain 
portion  of  this  fluid ;  if,  in  a  given  body,  we  accumulate  a 
larger  proportion,  we  electrise  it  plm^  or  positively ;  if,  on  the 
other  hand,  we  diminish  the  proportion  that  it  ought  to 
contain,  we  electrise  it  mimis,  or  negatively.  So  long  as  tlie 
natural  state  remains,  no  manifestation  occurs ;  but,  as  soon 
as  the  state  becomes  positive  or  negative,  there  is  then  an 
electric  action.  We  have  further  to  admit,  that  there  is  an 
attraction  between  ponderable  matter  and  the  imponderable 
electric  fluid ;  so  that,  when  two  bodies  are  in  presence  of  each 
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other,  several  forces  are  in  conflict,  which,  according  to  their 
relative  intensities,  must  determine  the  attraction  or  repulsion. 
These  are,  the  repulsive  force  of  the  electric  fluids  which  the 
two  bodies  possess ;  the  attraction  between  the  electric  fluid 
of  the  one  and  the  matter  of  the  other ;  finally,  the  mutual 
action  of  the  imponderable  particles  of  one  of  the  bodies  upon 
those  of  the  other.  uSpinus,  when  subjecting  this  theory  to 
calculation,  was  led  to  the  singular  consequence  that,  in  order 
to  explain  the  repulsion  of  two  bodies  negatively  electrised,  it 
would  be  necessary  to  admit  that  the  mutual  action  of  the 
particles  of  matter  is  repulsive,  instead  of  being  attractive. 
This  result,  which  is  so  contrary  to  the  ideas  that  have  been 
admitted  since  Newton's  time,  has  necessarily  caused  the 
theory  that  led  to  it  to  be  renounced.  On  the  other  hand,* 
the  very  pronounced  and  constant  antagonism  that  is  always 
found  between  the  two  opposite  principles  in  electrical  pheno- 
mena, can  only  be  explained  by  the  existence  of  two  diflerent 
fluids ;  or,  which  comes  to  the  same  thing,  of  two  difierent 
modifications  of  the  same  fluid.  What  are  these  modi*^ 
fications  ?  What  is  this  fluid,  which  is  susceptible  of  under- > 
going  them  ?  Here,  we  must  confess,  are  questions  that  are 
not  resolved ;  and  we  are  far  from  presenting  the  theory  of 
the  two  fluids,  such  as  we  have  explained  it,  as  the  limit  to 
our  knowledge.  It  is  to  us  only  a  convenient  means  of  con- 
necting together  facts,  and  of  permitting  us  to  group  them 
under  certain  more  general  laws.  Further  on  we  shall  be 
able  to  study  this  theory  in  itself  and  to  discuss  the  funda- 
mental objections  which  it  presents.  We  shall  see  that  elec- 
trical phenomena  very  probably  depend  upon  the  combined 
action  of  the  particles  of  matter  and  of  the  ethereal  fluid 
which  fills  the  imiverse;  and,  by  thus  approaching  to  Faraday's 
molecular  theory,  we  shall  be  nearer  to  the  truth  than  with 
the  hypothesis  of  two  imponderable  fluids,  existing  of  them- 
selves, and  in  a  manner  independent  of  bodies. 
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PART  III. 

MAGNETISM   AND   ELECTRO-DYNAMICS. 
CHAPTER  I. 

ON  THE  MAGNET  AND  MAGNETIC  PHENOMENA. 

General  Notions  on  Magnetism, 

There  exists  in  nature  a  mineral  named  LoadskmSy  known 
from  all  antiquity^  which  possesses  the  property  of  attracting 
particles  of  iron  that  are  placed  near  to  it^  in  certain  pcnnts  of 
its  surface  which  are  caUed  poles.  This  mineral  is  a  c<Hn- 
pound  of  iron  and  oxygen^  or  a  deutoxide  of  iron.  The 
ancients  called  it  fjuStfwis^  from  the  citj  of  Magnesia  in  Lydia, 
where  it  was  found  in  abundance ;  hence  arose  the  name  of 
**  magnetism"  for  that  part  of  physics  which  treats  of  the  phe- 
nomena of  which  it  is  the  origin^  and  the  name  of ''  magnetic 
for  the  phenomena  themselves. 

One  of  1;he  most  remarkable  properties  of  the  loadstone  is 
that  by  virtue  of  which  it  communicates  the  property  that 
it  possesses^  of  attracting  iron^  to  a  needle  or  a  steel  bar  that 
is  rubbed  several  times  consecutively  in  the  same  direction 
against  one  of  its  poles.  This  needle  or  bar  thus  bec(»nes 
capable  of  attracting  towards  its  extremities^  a  considerable 
quantity  of  filings  or  pieces  of  iron.  The  needle  or  bar 
is  then  said  to  have  been  magnetised^  and  its  magnetic  poles 
are  at  its  extremities.  K  the  steel  bar  exceeds  six  or  eight 
inches  in  length,  we  sometimes  find  two  or  even  four  other 
poles  beside  those  that  are  at  its  ends.  These  poles,  which 
are  recognised  by  the  accumulation  of  iron  filings  that  occurs 
around  them,  are  always  in  even  numbers,  and  placed  two 
and  two  on  either  side,  and  at  the  same  distance  from  the 
centre:  these  are  termed  secondary  or  consecutive  poles 
{Fig.10.). 
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A  magnetised  steel  bar  possesses  also^  like  the  loadstone^ 
the  property  of  communicating  its  magnetic  virtue  to  another 


Fig,  70. 

steel  bar  or  needle.  To  obtain  this  result  we  have  merely  to 
rub  the  bar  or  needle  that  we  wish  to  magnetise, — the  name 
that  is  given  to  this  operation^ — against  one  of  the  poles  of 
the  magnet  along  its  whole  lengthy  and  always  in  the  same 
direction.  Magnetic  needles  may  be  cylindrical ;  they  have 
generally^  however,  the  form  of  a  prism  or  thin  elongated 
lozenge.  With  regard  to  bars,  they  are  generally  prismatic ; 
they  have  sometimes  also  the  form  of  a  horse-shoe,  and,  to 
increase  their  strength,  several  are  superposed  upon  each 
other.     They  are  thus  capable  of  attracting  large  masses  of 


Fip.  71. 

iron,  and  of  supporting  even  50  or  lOOlbs.,  without  a  weight 
of  this  amount  being  able  to  detach  from  their  poles  the  iron 
that  is  adhering  to  them  {Fig.  71.). 
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Directive  Properties  of  the  Magnetic  Needle — Inclirmtion  and 
Declination  Compasses* 

If,  after  having  magnetised  a  steel  needle,  it  is  suspended  by 
its  centre  of  gravity  to  a  thread,  or  is  placed  on  a  point  by 
means  of  a  cap  {Fig.  72.),  it  is  found  to  take  a  determinate 
direction  towards  a  point  of  the  horizon,  which  is  very  nearly 

north  and  south.  This  direction 
is  so  constant  that,  even  when 
the  needle  is  displaced,  it  always 
returns  to  it,  after  a  greater  or 
less  number  of  oscillations,  with 
perfect  precision.  More  than- 
this,  it  is  always  the  same  ex- 
tremity of  the  needle  that  is 
turned  towards  the  north,  and  the 
same  that  is  turned  towards  the 
south;  so  that  if  the  needle  is 
turned  aside  180**,  it  js  no  longer  in 
equilibrio  in  the  new  position,  but 
makes  a  pirouette  and  describes  a  semi-circumference  on  one 
side  or  the  other,  to  return  to  its  original  position.  The  pomt 
of  the  needle  that  is  directed  towards  the  north  has  been  termed 
the  north  pole^  and  that  which  is  directed  towards  the  south, 
the  south  pole.  In  order  to  recognise  them  inunediately,  and 
consequently  to  know  on  which  side  the  north  is,  the  pre- 
caution is  taken  of  slightly  blueing,  by  heating  it,  the  half  of 
the  needle  that  is  directed  on  the  north  side,  and  leaving 
that  which  tends  towards  the  south  of  the  natural  colour. 

The  direction  of  the  magnetised  needle  is  constant  in  the 
same  place  and  at  a  given  epoch;  but  it  varies  ft'om  one 
place  to  another,  and  changes  with  years :  it  is  also  subject, 
on  the  same  point  of  the  globe,  to  small  periodic  variations 
during  the  day ;  variations  which  on  this  account  have  been 
termed  diurnal  variations. 

We  have  seen  that  this  direction  is  not  exactly  north  and 
south ;  hence  the  plane  that  passes  through  the  centre  of  the 
earth  in  the  direction  of  the  magnetic  needle  in  any  place 
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under  consideration  is  termed  the  magnetic  meridian,  to  dis- 
tinguish it  from  the  terrestrial  meridian,  which  is  the  plane 
passing  through  this  same  place  and  the  axis  of  the  earth. 
The  angle  made  by  these  two  planes^  or,  what  amounts  to 
the  same  thing,  the  two  tracks  they  leave  on  the  surface  of 
the  globe,  is  termed  the  declination  of  the  magnetised  needle. 
It  is  determined  by  measuring  the  angle  which  the  direction 
of  the  horizontal  needle  makes  with  the  meridian  line.  The 
declination  is  east  or  west,  according  as  the  north  pole  of  the 
needle  is  on  the  east  or  west  of  the  meridian  line.  At  Paris, 
it  was  11°  30'  to  the  east  in  1580 ;  nothing,  or  0°,  in  1663  ; 
8""  to  the  west  in  1700;  22^  in  1785;  22°  14'  in  1814;  and 
from  that  time  it  has  conunenced  to  diminish;  in  1849,  it 
was  20^  34'  18". 

In  London,  it  was  11°  15'  to  the  east  in  1576;  0**  from 
1657  to  1662 ;  2""  6'  to  the  west  in  1670 ;  24°  2'  18"  in  1815, 
an  epoch  at  which  it  attained  its  maximum :  it  was  22°  35'  in 
1849.     At  Geneva,  it  was  19°  in  1818,  and  18°  18'  in  1849. 

There  are  places  on  the  earth  where  the  needle  is  directed 
exactly  according  to  the  meridian  line,  and  for  which  the 
declination  is  nothing;  the  series  of  these  places  or  points 
without  declination  does  not  form  a  regular  curve :  we  shall 
have  occasion  to  return  to  this,  and  investigate  their  distri- 
bution. 

Every  apparatus  suitable  for  observing  and  measuring  the 
declination,  or  reciprocally  for  determining  the  direction  of 
north  and  south,  namely,  the  meridian  line,  the  magnetic  de- 
clination of  the  place  being  given,  is  called  the  declination 
compass  {Fig.  73.). 

This  apparatus  consists  of  a  magnetised  needle,  delicately 
suspended,  either  by  means  of  silk  thread  without  torsion,  or 
by  means  of  an  agate  or  steel  cap  resting  upon  a  pivot.  A 
carefully  divided  circle,  upon  which  is  read  the  division  cor- 
responding with  the  extremities  of  the  needle,  is  fixed  against 
the  sides  of  a  circular  box  of  copper  or  wood  covered  with  a 
glass,  in  which  is  placed  the  needle  and  the  point  upon  which 
it  rests.  The  instruments  may  be  furnished  with  a  telescope 
carried  on  an  axis  of  rotation,  parallel  to  the  plane  of  the 
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circular  division,  and  the  middle  of  which  is  upon  the  vertical 
that  passes  through  the  centre  of  the  suspension  of  the  needle. 


This  axis  carries  an  air-level,  and  a  vertical  quadrant  divided 
to  measure  the  angles  described  by  the  telescope.  The  box 
can  be  turned  round  upon  a  vertical  axis,  by  which  it  is  fixed 
upon  its  stand,  until  the  telescope  is  found  to  be  placed  in  the 
direction  of  the  meridian.  The  angle  made  by  the  direction 
of  the  telescope  with  the  direction  of  the  magnetic  needle,  is 
then  determined,  and  we  obtain  the  declination.  Or  rather, 
knowing  this  declination,  we  turn  the  box  until  the  angle 
made  by  the  axis  of  the  telescope  and  the  direction  of  the 
needle  are  equal  to  it,  and  then  we  have  the  position  of  the 
meridian.  The  marine  compass,  or  variation  compass,  differs 
from  the  ordinary  compass,  only  in  that  it  has  a  double  sus- 
pension, which  allows  of  its  maintaining  itself  in  a  sensibly 
horizontal  situation,  notwithstanding  the  agitation  of  the  sea. 

We  have  supposed  that  the  magnetised  needle  was  sus- 
pended by  its  centre  of  gravity ;  but  we  should  add  that  this 
centre  of  gravity  has  been  determined  after  the  needle  was 
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magnetised.  In  fact,  if  we  determine  it  before,  namely,  if  we 
suspend  to  a  silk  thread,  without  torsion,  an  umnagnetised 
steel  needle,  so  that  it  is  perfectly  horizontal,  we  find  that, 
after  having  been  magnetised,  it  does  not  preserve  this  hori- 
zontality,  although  it  is  suspended  in  the  same  manner.  It 
begins  by  taking  the  ordinary  direction  of  S.  E.  and  N.  W. ; 
we  then  see  its  north  pole  incline,  as  if  the  half  that  is  on  the 
north  side  were  heavier  than  that  which  is  on  the  south  side. 
We  may,  however,  in  a  direct  manner,  satisfy  ourselves  that 
the  magnetism  has  in  no  degree  modified  the  weight  of  the 
needle  or  that  of  any  of  its  parts.  The  eflect  that  is  made 
manifest  is  the  result  of  the  same  action  that  determines  the 
constant  direction  of  the  declination  needle ;  it  is  called  the 
inclination  (or  dip)  of  the  needle ;  it  is  measured  by  the  angle 
that  is  made  with  the  horizon  by  a  needle  which  can  move 
freely  around  its  centre  of  gravity,  in  the  plane  of  the  mag- 
netic meridian. 

An  inclination  compass  {Fig,  74.)  consists  of  a  needle  tra- 
versed at  its  centre  of  gravity  by  a  cylindrical  axis  of  polished 
steel,  resting  by  its  two  extremities 
upon  two  very  sharp  agate  knife  edges. 
These  two  edges  are  supported  by  two 
horizontal  metal  cross-pieces,  parallel 
to  each  other,  and  which  are  the  dia- 
meters of  a  vertical  circle,  upon  which 
is  traced  a  circular  division.  Care  is 
taken,  by  means  of  a  very  simple  con- 
trivance, to  place  the  needle  upon  the 
knife  edges,  so  that  its  axis  of  rotation 
exactly  passes  through  the  centre  of 
the  divided  circle,  and  is  perpendicular 
to  its  plane.  More  frequently,  instead 
^'     [  of  employing    knife-edges    of    agate, 

steel  pivots  are  introduced  into  cylindrical  holes,  pierced  in 
the  two  horizontal  cross-bars,  and  situated  in  the  line  perpen- 
dicular to  the  plane  of  the  circle  and  passing  through  its 
centre ;  but  the  friction,  which  is  much  more  considerable 
in  this  mode  of  suspension  than  in  the  other,  creates  a  risk  of 
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interfering  with  the  firee  movements  of  the  needle.  On  this 
account^  the  former  is  employed  in  preference  in  very  perfect 
apparatus.  This  circle  or  vertical  limb  rests  upon  a  foot 
which  is  movable  round  a  vertical  axis,  the  prolonged  di- 
rection of  which  passes  through  its  centre^  and  consequently 
through  the  axis  of  suspension  of  the  needle.  An  azimuth  or 
horizontal  circle  enables  us  to  determine  at  each  instant  the 
angles  described  by  the  vertical  limb^  and  consequently  of 
placing  the  latter  in  all  azimuths^  and  particularly  in  the 
direction  of  the  magnetic  meridian.  The  magnetised  needle 
then  of  itself  takes  a  position  according  to  the  line  of  inclina- 
tion. The  angle  is  measured  by  means  of  the  division  of  the 
vertical  limb^  which  is  generally  Aimished  with  a  magnifier. 
Several  observations  must  be  made,  and  their  mean  must 
be  taken  in  order  to  arrive  at  an  accurate  result ;  because, 
whatever  precautions  may  be  taken,  the  suspension  is  always 
imperfect,  and  because  we  are  never  very  sure  that  the  axis 
passes  exactly  through  the  centre  of  gravity  of  the  needle. 
To  be  secure  against  this  cause  of  error,  we  should  make  four 
kinds  of  observations,  and  take  the  mean  of  the  results  of 
each  of  them.  After  the  first  observations  fresh  ones  are 
taken,  after  having  turned  the  faces  of  the  bar  round,  without 
changing  the  poles ;  then  two  other  similar  series  of  observa- 
tions are  made,  aftier  having  changed  the  poles  of  the  needle 
by  magnetising  it  in  the  contrary  direction,  namely,  by 
rubbing  it  against  the  same  pole  of  a  magnet,  in  a  contrary 
direction  to  that  in  which  it  was  formerly  rubbed,  so  that  the 
extremity  that  directed  itself  towards  the  south  is  found  to 
be  directed  towards  the  north,  and  that  which  was  directed  to 
the  north  is  directed  to  the  south. 

The  inclination  (or  dip)  which  was  75®  at  Paris  in  1671,  has 
from  that  time  been  continually  diminishing ;  in  1835,  it  was 
67°  14',  and  in  1849,  66**  44'.  It  varies  like  the  declination, 
not  only  with  the  epochs  of  observation,  but  still  more  with  the 
places;  at  London,  it  was  70**  27' in  1720;  69*^  2' in  1833; 
and  68*^  61'  in  1849.  At  Geneva,  it  was  65**  48'  30"  in  1825, 
and  64^  in  1849.  It  increases  the  more  we  approach  the 
north  pole :  thus  there  exists  a  place  in  80^  of  north  latitude 
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discovered  hy  Captain  Parry,  when  the  inclinatfon  is  90°. 
On  the  other  hand,  the  inclination  decreases  as  we  approach 
the  equator :  there  is  also  on  the  surface  of  our  globe  a  series 
of  points  where  it  is  absolutely  nothing,  and  which  form  a 
curve  around  the  earth,  called  the  magnetic  eqtiator.  This 
curve  is  very  regular  in  one  part  of  its  course,  and  may  be 
regarded  as  a  great  circle  inclined  12°  or  13**  to  that  of  the 
terrestrial  equator.  Beyond  the  equator  the  inclination  begins 
again,  and  increases  in  proportion  as  we  approach  the  south 
pole ;  but  it  is  then  the  south  pole  and  not  the  north  pole  of 
the  needle  that  inclines  below  the  horizon. 

When  we  do  not  know  the  declination,  and  have  to  make 
an  observation  of  inclination,  we  may,  without  a  'declination 
compass,  easily  determine  the  plane  of  the  magnetic  meridian 
by  looking  for  the  plane  in  which  the  dipping  needle  holds 
itself  perfectly  vertical :  this  plane  is  perpendicular  to  that  of 
the  meridian.  When,  therefore,  we  have  determined  the 
former,  we  know  the  latter,  and  place  the  needle  in  it  by 
making  the  vertical  circle  describe  an  angle  of  90°  on  the 
azimuthal  circle.  This  very  simple  connection  between  the 
two  planes  arises  &om  the  magnetised  needle  placing  itself 
naturally,  when  it  is  free,  in  the  plane  of  the  magnetic  meri- 
dian ;  and,  not  being  solicited  to  go  out  of  it,  it  must  evi- 
dently, in  order  to  obey  this  law,  take  the  vertical  position 
when  the  plane  in  which  it  is  obliged  to  move  is  perpendicular 
to  that  of  the  magnetic  meridian ;  for  in  this  manner  it  is 
found  to  be  at  once  in  both  planes. 

The  force  which  determines  the  direction  of  the  magnetised 
needle  is  in  fact  neither  attractive  nor  repulsive,  but  simply  a 
directive  force,  incapable  of  impressing  upon  the  magnet  any 
movement  of  translation.  This  may  be  proved  by  different 
experiments :  thus  a  magnetised  needle  floating  upon  water 
by  means  of  a  piece  of  cork  to  which  it  has  been  fixed,  does 
not  experience  any  onward  movement;  it  simply  takes  the 
direction  of  the  magnetic  meridian  like  the  needles  which, 
resting  on  their  point,  are  retained  at  their  centre.  A  mag- 
netised needle,  fixed  crosswise,  and  at  the  extremity  of  a  hori- 
zontal slip  of  wood,  with  a  counterpoise  at  the  other  extremity 
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to  mdntain  equilibrium  {Fig.  75.),  also  takes  a  direction 
exactly  in  the  plane  of  the  magnetic  meridian,  when  the  slip 
of  wood  is  suspended  by  its  centre  of 
gravity  to  a  silk  thread  without  torsion, 
although  its  centre  is  not  that  of  the 
needle.  Finally,  if  we  ballast  a  mag- 
netised needle  by  means  of  a  piece  of 

platinum,  so  as  to  make  it  remain  in 

■     ■  ^'    equilibrio  in  the  interior  of  a  mass  of 

mercury,  and  thus  to  withdraw  it  from 
p-    75  the  action  of  gravity,  we  see  it  place 

itself  in  the  magnetic  meridian,  and  take 
a  direction  inclined  to  the  north,  perfectly  similar  to  the 
direction  of  the  dipping  needle.  This  direction  is  therefore 
that  which  results  naturally,  abstraction  being  made  of  every 
mode  of  suspension,  from  the  action  exercised  upon  the  mag- 
netised neecUe  by  the  forces  or  the  force  termed  terrestrial 
magnetiem* 

It  was  not  seen  at  first  that  the  force,  which  impresses 
upon  the  magnetised  needle  the  direction  that  we  have 
just  deteimined,  emanates  from  the  earth.  Some  placed 
the  seat  of  this  force  in  a  small  star,  forming  the  tail  of 
the  Ghreat  Bear;  others  placed  it  ftirther  on  still.  Gil- 
bert, at  the  end  of  the  sixteenth  century,  in  a  very  re- 
markable work,  entitled  Physiology  of  ike  Magnet* ^  was  the 
first  to  show  that  it  must  be  sought  for  in  the  terrestrial 
globe,  a  result  that  evidently  arose  from  observations  made  in 
various  places  on  the  surface  of  the  earth.  We  shall,  in  fact, 
see  frirther  on  that  by  means  of  these  numerous  and  varied 
observations,  it  becomes  easy  to  determine  the  directions  of 
the  forces  by  which  the  needle  is  attracted ;  and  that  these 
directions  are  such,  that  it  is  evident  these  forces  themselves 
emanate  from  the  earth.  We  have,  in  like  manner,  become 
aware  that  the  intensity  of  terrestrial  magnetism  varies,  as 
well  as  the  declination  and  inclination,  with  time  and  with 
places ;  and  that  it  increases  from  the  equator  to  the  poles. 

*  Physiologia  nova  de  Magnete,  magneticisque  CorporiboB:  London,  1600. 
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With  regard  to  the  nature  of  the  magnetic  forces  that 
emanate  from  the  earthy  the  conjectures  that  have  been 
formed  in  this  respect  are  connected  with  the  properties  of 
magnets :  we  shall  take  care  to  })oint  them  out  when  studying 
these  properties,  but  we  shall  not  be  able  to  examine  their 
value  until  in  the  Third  Chapter  of  Part  the  Fifth,  when  we 
shall  be  occupied  upon  natural  electricity  and  terrestrial 
magnetism. 

The  discovery  of  the  compass  is  much  less  ancient  than 
that  of  the  magnet  It  appears  that  the  first  European  navi-* 
gator  who  made  use  of  it  was  Vasco  de  Gama,  in  his  first 
expedition  into  India,  However,  express  mention  is  made  in 
a  Chinese  dictionary  that  was  completed  in  the  year  121  of 
the  Christian  era ;  and  in  another  dictionary,  completed  under 
the  reign  of  Kang-hi,  of  the  fact  that,  under  the  dynasty  of 
Tsin  (419  before  Christ),  vessels  were  directed  towards  the 
South  by  means  of  the  magnet  The  discovery  of  the 
declination  appears  to  go  back  to  Christopher  Columbus ;  he 
was  the  first  to  perceive,  in  1492,  when  he  was  ti'aversing  the 
Ocean  to  go  and  discover  the  New  World,  that  the  needle  did 
not  turn  directly  to  the  north  in  all  places  of  the  earth,  as  had 
hitherto  been  supposed.  With  regard  to  the  change  of  de- 
clination in  the  same  place,  it  was  discovered  in  1622,  by 
Gunter,  a  professor  in  Gresham  College.  The  dip  was  dis- 
covered in  1576  by  Normann. 

Different  Properties  of  Magnets  and  magnetic  Bodies^ 

Hitherto  we  have  only  been  considering  a  magnetised 
needle  or  bar  as  insulated;  we  have  recognised  in  it  the 
property  of  attracting  iron  to  its  poles ;  that  of  being  directed, 
when  it  is  movable,  by  the  action  of  the  earth ;  that,  finally, 
of  communicating  the  virtue  it  possesses  to  other  steel  bars  or 
needles.  But  magnets  possess  other  properties,  which  are 
especially  manifested  when  they  are  brought  near  to  each 
other ;  such,  for  example,  as  a  mutual  attraction  or  repulsion. 
If  we  bring  near  to  the  north  pole  of  a  magnetised  needle, 
freely  suspended,  the  north  pole  of  another  needle  or  bar  held 

V  8 


Digitized  by 


Google 


166  MAGNETISM  AKD  ELEGTBO-DYNAMIC8.        PABT  ui. 

in  the  hand^  we  immediately  perceive  a  very  decided  repulsion 
established  between  the  two  poles :  it  is  the  same  if  we  present 
the  two  south  poles  to  each  other ;  these  repulsions  occur  at 
a  distance,  and  are  very  energetic  But  if  to  the  north  pole 
of  the  movable  needle  is  presented  the  south  pole  of  the  fixed 
needle,  or  to  its  south  pole  the  north  pole  of  the  other,  there 
is  no  longer  a  repulsion,  but  a  very  strong  attraction  takes 
place ;  the  pole  of  the  movable  needle  rushes  to  the  pole  of 
the  fixed  needle,  and  an  adherence  is  made  manifest  between 
them,  which  lasts  so  long  as  we  do  not  detach  them  from  each 
other  by  a  violent  efibrt ;  and  this  establishes  a  very  charac- 
teristic difference  between  these  attractions  and  electric  at- 
tractions, which  latter  cease  at  the  very  moment  of  contact  The 
repulsion  of  the  two  poles  of  the  same  needle  upon  the  two 
poles  of  the  same  name  of  another  needle  is  manifesled  in  a 
very  sensible  manner  when  we  approach  parallel  to  each 
other  two  needles,  having  the  north  and  south  direction  that 
is  given  them  by  terrestrial  magnetism. 

Magnetic  attractions  and  repulsions  are  in  no  degree  in- 
fluenced by  the  mediimi  interposed  between  the  two  magnets, 
or  between  the  magnet  and  the  magnetic  body,  when  it  is 
acted  upon  by  the  simple  attraction  exercised  by  a  magnetised 
body  upon  one  that  is  not  so.  These  actions  occur  with  the 
same  force,  whether  the  interposed  medium  be  air,  vacuum, 
or  any  substance  whatever.  It  is  only  necessary  that  the 
medium  itself  be  not  magnetic.  Thus,  a  plate  of  wood,  glass, 
non-magnetic  metal,  a  sheet  of  paper  or  cotton,  a  stratum  of 
liquid  or  of  any  gas,  the  interposition  of  a  flame,  in  no  degree 
modify  this  kind  of  action ;  distance  alone  exercises  an  in- 
fluence upon  its  intensity,  into  the  investigation  of  which  we 
shall  very  shortly  enter. . 

The  experiments  that  we  have  been  relating,  joined  to 
observations  relative  to  the  needle,  magnetised  by  the  in- 
fluence of  the  terrestrial  globe,  establish  the  important  fact 
that,  even  while  the  two  poles,  situated  at  the  opposite  ex- 
tremities of  a  magnetised  bar,  equally  attract  iron,  they 
present  essential  differences  in  their  properties,  and  a  kind  of 
antagonism  analogous  to  that  which  exists  between  the  two 
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electricities.  Thus^  when  a  piece  of  steel  or  iron  is  mag- 
netised,  by  continually  rubbing  it  in  tbe  same  direction  along 
one  of  the  poles  of  a  magnet,  the  pole  acquired  by  the  ex- 
tremity of  the  steel  bar  that  is  last  in  contact  with  the  magnet 
depends  upon  which  of  the  two  poles  c^  this  magnet  it  is 
where  the  friction  occurs,  and  it  is  always  of  a  name  the 
contrary  to  this.  If  the  north  pole  is  employed  for  mag- 
netisation, the  steel  acquires  a  south  pole  at  the  extremity 
that  r^ouuns  last  in  contact  with  the  north  pole,  and  con- 
sequently acquires  a  north  pole  at  its  other  extremity. 

Steel  is  not  the  only  body  that  is  susceptible  of  being 
magnetised;  iron  itself,  cobalt,  and  nickel,  possess  the  same 
property.  Not  only  do  these  bodies  attract  a  magnetised 
needle,  when  they  are  presented  to  one  of  its  poles,  or  are 
attracted  by  it,  but  they  may  be  magnetised,  and  consequently 
may  acquire  all  the  properties  possessed  by  a  magnet,  that  of 
having  two  poles  and  being  influenced  by  terrestrial  mag- 
netism, &C.  Howeyer,  differences  exist  in  this  relation  be- 
tweai  these  different  metals.  Thus,  when  iron  is  very  soft, 
that  is  to  say,  well  annealed,  and  as  much  as  possible  de- 
prived of  carbon,  it  acquires  only  temporary  magnetism. 

If  the  extremity  of  a  soft  iron  cylinder  or  wire  be  touched 
with  the  pole  of  a  magnet,  we  immediately  see  the  other 
extremity  of  this  cylinder  attract  iron  filings,  and  act  upon  a 
magnetised  needle ;  in  a  word,  we  discover  therein  the  ex- 
istence of  a  magnetic  pole  of  the  same  name  as  that  of  the 
magnet  with  which  the  cylinder  is  in  contact  by  its  other 
extremity.  But  as  soon  as  the  contact  ceases,  the  iron  filings 
fall,  and  the  pole  disappears ;  in  a  word,  the  soft  iron  loses  all 
its  magnetic  properties ;  or,  if  at  least  it  preserves  them,  for  a 
few  moments,  they  are  singularly  feeble.  Thus  soft  iron  may 
therefore  instantly  acquire  magnetism ;  but  it  also  immediately 
loses  it,  after  the  cessation  of  the  cause  by  which  it  had  been 
produced.  We  should  observe,  however,  that  whilst  it  is 
under  the  influence  of  the  magnet,  the  soft  iron  acquires  a 
stronger  magnetism  than  a  similar  piece  of  steel  does  when 
magnetised  by  the  same  power.  A  steel  needle  does  not 
acquire  magnetism  so  easily :  a  simple  contact  with  the  pole 
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of  a  magnet  is  not  generally  sufficient  to  magnetise  it;  it 
must  then  be  rubbed  along  this  pole  for  a  certain  length  of 
time,  and  always  in  the  same  direction ;  but  it  preserves  the 
magnetism  it  has  acquired  for  an  indefinite  space  of  time. 
Tempering  increases  in  steel  this  double  property,  which  in 
this  respect  constitutes  so  marked  a  difference  between  it  and 
soft  iron.  Nickel  and  cobalt  more  closely  approach  steel  in 
this  respect  than  they  do  iron,  although  they  cannot  acquire 
so  great  an  amount  of  magnetic  virtue  as  tempered  steel 
does. 

Magnetisation  may  take  place  at  a  distance  as  well  as  by 
contact ;  it  is  sufficient,  for  example,  for  a  soft  iron  cylinder 
to  become  magnetic,  to  bring  the  pole  of  a  magnet  near  to  it, 
without  contact  being  necessary.  This  action  may  be  made 
manifest  in  a  very  simple  manner  by  suspending  two  pieces  of 
iron  wire  to  two  silk  threads,  like  the  two  pith  balls  of  elec- 
troscopes ;  we  bring  near  to  it  the  pole  of  a  magnetised  bar, 
and  they  are  immediately  seen  to  separate  from  each  other  by 
the  repulsive  effect  exercised  by  the  poles  of  the  same  name, 
which  they  acquire  at  their  lower  and  upper  extremities. 
But  immediately  the  magnet  is  withdrawn  the  two  pieces  of 
iron  wire  approach  by  recovering  their  vertical  position;  a 
proof  that  their  magnetisation  has  ceased.  Steel,  nickel,  and 
cobalt  present  the  same  phenomenon ;  but  it  is  less  decided  as 
the  magnetic  body  possesses  less  facilities  of  being  promptly 
magnetised. 

The  attraction  exercised  by  magnets  upon  iron  filings,  and 
generally  upon  magnetic  or  magnetised  bodies,  arises  from 
their  magnetising  them  by  their  influence  at  a  distance,  by 
which  they  determine  in  the  part  of  the  body  that  is  nearest 
to  them  a  contrary  pole  to  that  which  is  acting;  and  it  is 
between  these  opposite  poles  that  the  attraction  is  manifested, 
just  as  if  the  two  bodies  were  magnetised.  It  is,  however, 
always  easy  to  distinguish  a  magnetised  substance  from  a 
body  simply  susceptible  of  being  magnetised,  and  on  this 
account  termed  magnetic.  It  is  sufficient  for  this  to  present 
all  the  points  of  a  substance  to  the  same  pole  of  a  magnetised 
needle;   if  the  action  is  every  where  attractive,  the  body 
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is  only  magnetic ;  "but  if  it  is  attractive  in  some  points  and 
repulsive  in  others,  it  is  a  sign  that  the  body  has  two  contrary 
poles,  and  that  consequently  it  is  magnetised.  It  is  not 
necessary  that  the  needle  which  serves  for  this  test  should  be 
too  strongly  magnetised ;  for  if  the  substance  submitted  to 
experiment  had  but  a  feeble  magnetism,  there  would  be  a  risk 
of  not  indicating  any  diflFerence  between  its  poles  by  acting 
upon  it  as  upon  soft  iron,  and  attracting  it  equally  in  all  its 
points. 

Influence  of  Terrestrial  Magnetism  on  Iron,  and  the  Effect  that 
results  from  it  upon  the  Direction  of  the  Compasses  in 
Vessels, 

The  terrestrial  globe  may,  like  a  magnet,  exercise  at  a 
distance  its  magnetising  powers.  If  we  hold  vertically,  or, 
which  is  still  better,  in  the  direction  of  the  dipping  needle, 
a  bar  of  soft  iron  about  a  yard  in  length,  we  find  that  it 
acquires  two  poles,  a  north  pole  at  its  lower,  and  a  south  pole 
at  its  upper  extremity.  The  existence  of  these  two  poles  is 
manifested  by  the  attractive  and  repulsive  action  exercised 
by  the  two  extremities  of  the  bar  upon  the  same  pole  of  a 
magnetised  needle,  delicately  suspended  and  brought  near  to 
them.  The  terrestrial  globe,  therefore,  acts  as  a  great  magnet 
would  act  whose  axis,  passing  through  the  centre  of  the  earth, 
should  be  situated  in  the  magnetic  meridian,  and  which 
should  have  at  the  north  a  pole  contrary  to  the  pole  of  a  needle 
that  is  directed  to  the  north ;  and  at  the  south  another  pole,  in 
like  manner  contrary  to  the  pole  of  the  needle  that  is  directed 
to  the  south.  This  hypothesis  upon  the  cause  of  terrestrial 
magnetism  would  also  explain  the  direction  of  the  magnetised 
needle ;  which  would  also  be  the  result  of  the  attractions 
exercised  by  the  magnetic  poles  of  the  globe  upon  the  contrary 
poles  of  the  magnetised  needle.  It  would  be  sufficient,  there- 
fore, in  order  to  know  the  position  of  the  magnetic  pole  of  the 
earth,  situated  at  the  north,  to  determine  carefully  the  direction 
of  the  dipping  needle  in  several  different  places;  and  the 
intersection  of  these  lines  would  be  the  point  where  the  pole 
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in  question  would  be  found.  It  would  be  necessary  to  go 
through  the  same  process  on  the  other  side  of  the  magnetic 
equator^  in  order  to  determine  the  position  of  the  terrestrial 
magnetic  pole  situated  on  the  south.  But  it  is  found  that 
the  directions  of  the  dipping  needle^  when  produced^  whether 
in  the  boreal  or  austral  hemisphere,  do  not  all  intersect 
exactly  in  the  same  point ;  which  would  seem  to  prove  that 
there  is  not,  therefore,  in  each  hemisphere,  a  single  pole  or  a 
single  centre  of  magnetic  action.  We  shall  return  in  detail 
to  this  interesting  subject  of  terrestrial  physics,  when  we  shall 
be  treating  upon  the  numerous  observations  that  have  been 
collected  upon  tiie  different  phenomena  of  terrestrial  mag- 
netism ;  and  upon  the  hypotheses  that  have  been  made  of  its 
origin  and  its  nature. 

It  may  not  be  useless  to  mention  here  a  denomination  still 
employed  in  French  works,  and  which  owes  its  origin  to 
the  terrestrial  theory  of  the  magnet  Setting  out  from  the 
hypothesis  that  the  earth  possesses  two  magnetic  poles,  and 
firom  the  principle  established  by  experiment,  that  poles 
of  the  contrary  name  attract  each  other,  they  have  called  that 
pole  of  the  magnetised  needle  that  is  directed  towards  the 
north,  the  austral  pole ;  because,  say  they,  it  is  attracted  by 
the  magnetic  pole  of  the  earth  situated  at  the  north,  and  which 
is  naturally  the  boreal  pole:  for  the  same  reason  they  have 
given  the  name  of  boreal  pole  to  that  end  of  the  needle  that  is 
directed  towards  the  south ;  because,  say  they,  it  is  attracted 
by  the  austral  pole  of  the  globe.  With  regard  to  ourselves, 
as  we  prefer  a  denomination  founded  upon  a  fact  to  that 
which  rests  upon  a  theory  more  or  less  contestable,  we  shall 
continue  to  call  the  north  pole  of  the  needle  that  which  is 
directed  towards  the  north,  and  the  south  pole  that  which  is 
directed  towards  the  south. 

The  magnetisation  produced  by  terrestrial  magnetism  is 
facilitated  by  all  actions,  whether  mechanical  or  physical, 
which  derange  the  molecules  of  iron  from  their  natural  position 
of  equilibrium.  Thus  percussion,  torsion,  every  kind  of  vi- 
bration, impressed  upon  a  bar  of  iron  determines  in  it  the 
presence  of  the  two  magnetic  poles ;  simple  oxidation  in  the 
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air  produces  the  same  effect  To  prove  that  this  magnetisation 
is  entirely  due  to  the  influence  of  terrestrial  magnetism^  and 
not  to  these  actions  themselves^  we  have  merely  to  examine 
the  position  of  the  poles  in  the  bars  submitted  to  experiment^ 
and  we  find  that  this  position  is  always  that  which  would 
result  from  the  immediate  action  of  the  globe ;  thus  the  north 
pole  is  always  the  one  found  at  the  extremity  of  the  bar  that 
is  inclined  below  the  horizon,  or  at  that  which  is  turned 
towards  the  side  of  the  north,  if  the  bar  is  horizontal.  We 
may  even,  if  the  bar  is  of  very  soft  iron,  immediately  change 
the  poles  by  suddenly  turning  it  so  that  the  extremity  which 
was  directed  towards  the  north  shall  be  to  the  south,  and 
that  which  was  directed  towards  the  south  shall  be  to  the 
north.  Furthermore,  it  is  easy  to  prove  that,  whatever  be 
the  action  by  which  the  body  is  constrained,  the  magnetism 
that  it  acquires  is  the  more  intense  as  its  position  approaches 
more  the  direction  of  the  dipping  needle;  and  that  it  be- 
comes altogether  null  if  the  bar  is  placed  in  a  position  per- 
fectly perpendicular  to  this  direction.  We  have  thus  the 
evident  proof  that  the  effect  does  not  arise  in  an  immediate 
manner  from  the  action  to  which  the  bar  is  subjected,  but 
simply  from  terrestrial  magnetism,  the  influence  of  which  is 
favoured  by  this  action. 

To  the  influence  of  this  magnetism  must  be  attributed  the 
magnetisation  possessed  by  all  magnetic  bodies  left  for  any 
length  of  time  in  the  same  place :  thus  the  rods  of  lightning 
conductors,  the  points  of  steeples*,  bars,  or  other  iron  objects 
placed  in  buildings,  always  present  traces  of  magnetism :  it  is 
the  same  with  iron  or  steel  tools,  such  as  those  of  a  locksmith ; 
or  punches  or  cutting  instruments  that  are  liable  to  imdergo 
vibratory  movements  by  the  use  to  which  they  are  applied. 
We  can  even  obtain  powerftd  magnets,  from  the  magnetism 
produced  by  means  of  the  terrestrial  globe,  by  taking  a  certain 
number  of  iron  wires,  twelve  or  fifteen  inches  in  length,  and 

*  It  is  probable  that,  in  re^)ect  to  elevated  iron  points,  such  in  particnlar  as 
those  of  lightning-conductors,  atmospheric  electricity,  or  more  especially  that  from 
lightning,  contributes  its  part  to  their  magnetisation  as  much,  and  more  so,  than 
terrestrial  magnetism. 
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twisting  theia  strongly  while  held  in  a  vertical  position^  or^ 
which  is  better  still,  in  the  direction  of  the  dipping  needle. 
This  operation,  which  renders  them  stifFer,  facilitates  at  the 
same  time  the  developement  within  them  of  a  very  powerful 
magnetism ;  and,  when  once  they  have  been  magnetised,  they 
are  united  to  form  a  bundle,  care  being  taken  that  their 
.similar  poles  are  all  at  the  same  extremity  of  the  bundle. 

The  magnetising  action  exercised  by  terrestrial  magnetism 
upon  iron  may  determine  upon  the  needles  of  compasses  very 
serious  deviations  when  they  are  placed  upon  vessels  in  motion. 
In  fact,  these  structures,  which  always  contain  in  their  fabric 
a  very  considerable  quantity  of  bars  and  plates  and  rods  of 
iron,  are  foimd  from  this  circumstance  to  contain  magnets, 
the  poles  of  which  must  change  with  the  position  of  the  vessel 
in  respect  to  the  magnetic  meridian.  There  is  produced, 
therefore,  upon  the  magnetic  needle,  a  variable  action,  the 
effect  of  which  it  is  impossible  to  determine  beforehand; 
whilst,  if  the  vessel  always  remained  at  the  same  place,  it 
would  be  an  easy  matter  to  appreciate  the  influence  of  this 
cause  of  deviation,  and  to  take  account  of  it  Navigators 
also  are  exposed  to  making  great  errors,  which  might  be  at-* 
tended  with  serious  consequences.  Suppose,  for  example, 
that  the  axis  of  the  vessel,  that  is  to  say,  the  line  going  6rom 
stem  to  stem,  was  at  first  perpendicular  to  the  plane  of  the 
magnetic  meridian  and  directed  to  the  west;  that,  in  this 
position,  the  deviation  of  the  needle  was  20°  to  the  west  of 
the  direction  that  it  ought  to  have :  a  change  in  the  course  of 
the  vessel  causes  the  axis  to  turn  180%  namely,  from  west 
to  east ;  by  the  effect  of  this  change  of  direction,  the  deviation 
has  also  passed  from  west  to  east,  and  is  consequently  20^  to 
the  east  It  is  evident  that  the  observer,  who  should  not  be 
acquainted  with  the  action  of  the  iron  contained  in  the  vessel, 
to  which  these  two  deviations  of  20**,  first  to  the  west  and 
then  to  the  east,  are  due,  would  believe  that  the  needle  has 
remained  parallel  to  itself,  and  would  judge  that  the  rotation 
of  the  vessel  had  only  been  180°  -  20°  x  2,  or  180°  -  40°, 
namely  140°,  whilst  it  had  really  been  180°.  He  would  have 
been  deceived,  therefore,  to  the  amount  of  40°  on  the  second 
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direction  of  the  vessel,  supposing  that  he  had  carefully  deter- 
mined the  first  direction  by  the  ordinary  processes. 

Mr.  Barlow  proposed  various  means  of  avoiding  the  dan- 
gerous errors  to  navigation  that  we  have  just  pointed  out 
One  of  these  means  consisted  in  placing  in  the  neighbourhood 
of  the  compass  a  plate  of  soft  iron  which  becomes  magnetised, 
like  the  other  masses  of  iron  in  the  vessel,  by  the  influence  of 
the  globes.  This  plate  is  put  into  such  a  position  in  front  of 
the  compass,  that  its  action  upon  the  needle  shall  be  exactly 
equal  to  the  total  action  of  all  the  iron  distributed  throughout 
the  vessel ;  so  that,  by  removing  the  plate,  one  half  of  the 
local  deviation  is  removed,  whence  the  amount  of  local  de- 
viation due  to  the  ship's  iron  is  readily  obtained.  The 
position  that  should  be  given  to  this  plate  has  been  previously 
determined  by  trials. 

-  Another  means  has  also  been  employed  by  Mr.  Barlow  from 
numerous  experiments  made  by  placing  the  vessel  in  every 
azimuthal  position,  and  comparing  by  means  of  two  telescopes 
the  direction  of  its  compass  in  every  position  with  that  of  a 
magnetised  needle  remaining  on  the  shore :  he  succeeded  in 
determining  empirically  the  correction  that  should  be  made 
in  the  observed  deviation  in  order  to  obtain  the  true  magnetic 
declination  of  the  place  where  the  observation  was  made. 
But  this  process,  like  the  former,  requires  a  series  of  distinct 
operations  for  each  vessel  in  particular,  those  made  for  one 
not  being  able  to  be  used  for  another:  it  is,  moreover,  not 
without  some  practical  difficulties. 

M.  Poisson,  impressed  with  the  importance  to  navigation  of 
the  question  upon  which  we  have  just  been  treating,  and  con- 
vinced that  it  had  been  only  imperfectly  resolved  by  the  empi- 
rical means  that  we  have  pointed  out,  endeavoured  to  submit  it 
to  analysis,  and  so  to  arrive  at  a  general  formula  of  correction. 
He  proposed  to  determine  directly  the  true  inclination  and  de- 
clination in  any  given  place  on  the  globe  from  observations  of 
the  compass  made  on  board  a  vessel,  and  under  the  influence 
of  the  iron  that  it  contains.  The  iron  being  magnetised  by  the 
magnetic  force  of  the  earth,  it  is  evident  that  its  action  upon 
the  needle  will  be  proportional  to  this  force.     Further,  since 
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the  components  of  this  action  correspond  to  three  rectangular 
axes  passing  constantly  through  the  same  points  of  the  ship, 
thej  have,  for  their  expressions,  linear  functions  bearing  re- 
lation to  the  components  of  the  action  of  the  globe  in  the 
direction  of  these  same  axes.  The  magnetic  force  of  the  globe, 
then,  is  conmion  to  all  the  terms  of  the  equation  of  the  equili- 
brium of  the  compass,  and  consequently  disappears  from  it. 
The  formula  contains  different  terms  that  must  be  determined ; 
and,  in  particular,  the  quantities  dependent  upon  the  total 
amount  and  the  distribution  of  the  iron  contained  by  the 
vesseL  But,  for  various  reasons,  connected  with  the  distri- 
bution of  the  masses  of  iron  in  vessels,  which  is  in  general 
symmetric,  and  with  their  position,  which  is  for  the  most  part 
below  the  horizontal  plane  drawn  through  the  point  of  sus- 
pension of  the  compass,  M.  Poisson  succeeded  in  simplifying 
the  problem.  The  two  unknown  terms  to  be  determined  are 
the  true  inclination  and  declination;  and,  for  this  determi- 
nation, two  data  from  observation  are  sufficient:  those  re- 
quired by  M.  Poisson's  simplified  formula  are,  the  angles  of 
the  principal  section  or  of  the  axis  of  the  vessel,  with  the 
apparent  direction  of  the  compass  before  and  after  this  section 
or  axis  has  been  made  to  turn  to  a  known  angle.  Other 
formulas  enable  us  even  to  avoid  this  operation,  and  to  be 
content  with  merely  observing  the  direction  of  the  compass 
before  and  after  the  addition  of  a  mass  of  iron,  always  placed 
in  the  same  manner,  and  so  as  easily  to  be  brought  near  to 
the  compass  to  change  its  direction. 

Influence  of  Temperature  upon  Magnetism. 

Among  the  actions  that  facilitate  magnetisation  by  terres- 
trial magnetism,  one  of  the  most  efficacious  consists  in  heating 
the  magnetic  body  to  redness,  and  allowing  it  to  cool  under 
the  influence  of  this  magnetism.  The  cooling  that  follows 
a  much  lower  elevation  of  temperature  is  even  sufficient. 
MM.  Moser  and  Biess  have  proved  that  to  this  kind  of  effect 
we  must  refer  the  phenomena  of  magnetisation  that  have 
been  supposed  to  be  produced  by  rays  of  light,  and  especially 
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by  the  violet  rays.  They  have  proved  that,  as  these  effects 
only  take  place  when  the  needles  which  experience  them  are 
in  a  position  perpendicular  to  the  magnetic  meridian,  they 
can  be  attributed  to  terrestrial  magnetism  alone,  the  action  of 
which  is  facilitated  by  the  elevation  of  temperature  brought 
about  by  the  solar  rays,  or  rather  by  the  cooling  that  follows 
it  Heat,  in  &ct,  far  from  increasing,  notably  diminishes,  on 
the  contrary,  the  Intensity  of  the  magnetic  virtue.  A  mag- 
netised steel  bar,  when  brought  to  a  red-white  heat,  totally 
loses  its  magnetism ;  should  it  have  become  magnetic  during 
cooling,  it  is  due  to  the  action  of  the  earth.  A  soft  iron  bar 
is  no  longer  magnetic,  that  is  to  say,  is  no  longer  attracted  by 
the  magnet,  when  it  is  simply  brought  to  a  red  heat.  Nickel 
ceases  to  be  magnetic  at  the  temperature  of  boiling  oil. 
With  regard  to  cobalt,  its  magnetic  force  does  not  seem 
gradually  to  diminish,  as  is  the  case  with  other  substances,  in 
proportion  as  its  temperature  increases ;  but  it  suddenly  ceases 
at  an  extremely  high  temperature,  and  it  then  appears  again 
just  as  rapidly  when  the  metal  is  made  to  descend  from  this 
high  temperature. 

The  remarkable  influence  that  is  exercised  upon  magnetism 
by  elevation  of  temperature  had  led  several  philosophers  to 
believe  that  the  property  possessed  by  certain  bodies  of  being 
magnetic  was  due  to  the  small  distance  existing  between  the 
atoms  of  which  they  are  formed. 

In  fact,  iron,  cobalt,  and  nickel  are  among  those  bodies 
which,  under  the  same  volume,  contain  the  greatest  number 
of  atoms,  and  consequently  are  those  whose  atoms  are  the 
nearest  together.  To  heat  these  bodies  is  to  remove  their 
particles  from  each  other ;  now,  since  this  increase  of  distance 
makes  them  lose  their  magnetic  properties,  when  it  is  carried 
to  a  certain  point,  it  follows  that  the  substances  among  which 
the  atoms  are  naturally  more  apart  cannot  possess  these  pro- 
perties. What  must  be  done,  then,  to  make  them  acquire  these 
properties?  We  must  bring  the  particles  nearer,  and,  for  this 
purpose,  must  cool  these  bodies.  Guided  by  this  ingenious 
idea,  Faraday  had  exposed  to  an  exceedingly  low  temperature 
the  greater  part  of  the  metals,  and  several  of  their  compounds. 
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and  also  carbon;  and^  notwithstanding  he  acted  upon  them 
with  a  very  powerfiil  magnet^  he  was  unable  to  discover  any 
trace  of  magnetism :  he  had  the  precaution  to  take  all  these 
bodies  in  a  state  of  great  purity,  and  deprived  of  all  traces  of 
iron.  By  means  of  a  mixture  of  ether  and  carbonic  acid 
placed  in  a  vacuum,  he  succeeded  in  reducing  their  tem- 
perature to  105°  cent  below  0®.  Manganese  itself  presented 
no  trace  of  magnetism,  Mr.  Faraday  has  shown  that  it  is  to 
the  presence  of  a  few  particles  of  iron,  of  which  it  is  a  difficult 
matter  to  deprive  it,  that  this  metal  had  hitherto  been  erro- 
neously classed  among  those  which  are  magnetic.  Thus, 
iron,  nickel,  cobalt,  and  steel  would  seem  to  be  the  only 
bodies  in  nature  that  are  magnetic,  that  is  to  say,  that  present 
magnetic  properties,  such  as  we  have  just  studied  and  defined 
them.  However,  we  shall  see,  in  the  last  chapter  of  this 
Third  Part,  that  Faraday  has  arrived  by  other  means  to 
discovering  equally  in  all  bodies  evident  magnetic  properties, 
but  variable,  in  the  form  under  which  they  are  manifested, 
with  the  nature  of  the  bodies  themselves. 


Means  of  measuring  magnetic  Forces, 

After  having  studied  magnetic  phenomena  in  a  general 
manner,  we  now  come  to  the  investigation  of  the  laws  by 
which  they  are  governed.  But,  in  order  to  deliver  ourselves 
up  to  this  kind  of  research,  we  must  first  study  the  means  of 
measuring  with  accuracy  the  forces  to  which  magnetic  actions 
are  due. 

Two  methods  are  presented  to  us  here,  as  in  the  measuring 
of  electric  forces.  The  first  method  is  based  upon  the  em- 
ployment of  the  torsion  balance,  in  which  a  magnetised  needle 
is  substituted  for  the  glass  stem  that  carries  the  small  electric 
body,  and  is  fixed  to  the  lower  extremity  of  the  torsion  thread. 
We  must  only  take  care  that  this  needle  is  sufficiently  long 
without  being  too  heavy.  Coulomb  made  use  of  a  cylindrical 
steel  needle  '1574  in.  in  diameter,  and  25*59  inches  long:  before 
making  use  of  it  he  assured  himself  that  it  had  no  interme- 
diate poles,  and  that  consequently  it  possessed  but  two  poles. 
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placed  each  at  one  of  its  extremities.  The  second  method  is 
that  of  oscillations ;  it  consists  in  making  a  magnetised  needle 
oscillate,  and  in  deducing  the  intensity  of  the  action  to  which  it 
has  been  subjected  from  the  comparison  between  the  number 
of  oscillations  executed  bj  the  needle  under  the  influence  of 
this  action^  and  the  number  it  makes  when  withdrawn 
from  it 

In  both  methods  there  is  one  element  which  must  be  taken 
into  the  account,  and  which  does  not  exist  in  the  measuring 
of  electric  forces ;  it  is  the  directive  force  of  the  earth.  Thus 
while,  in  reference  to  electricitj,  the  torsion  of  the  wire  alone 
exerts  an  influ^ice  upon  the  resistance  which  the  movable 
electrised  body  opposes  to  the  action  of  another  electrised 
body;  it  is  not  the  same  when  a  magnetised  needle  is  in 
question,  for  then  the  force,  with  which  this  needle  tends  to 
obey  the  directive  action  of  the  earth,  is  added  to  the  torsion, 
to  oppose  the  action  of  an  exterior  attractive  or  repulsive 
force.  Thus  again,  whilst  the  oscillations  of  the  electrised 
body  are  made  as  if  it  were  not  electrised  when  there  is  no 
other  body  present,  those  of  a  steel  needle  are  entirely  dif- 
ferent, according  as  this  needle  is  magnetised  or  not ;  because, 
in  the  former  case,  the  oscillations  are  influenced  by  ter- 
restrial magnetism,  and,  in  the  latter,  this  influence  does  not 
exist  Let  us  see  how,  in  each  of  the  two  methods^  the  in- 
fluence may  be  appreciated. 

In  order  to  obtain  the  value  when  the  torsion  balance  is 
made  use  of,  we  must  begin  by  suspending  an  unmagnetised 
needle  to  the  thread  of  the  balance,  and  then  turn  the  piece 
by  which  this  thread  is  suspended  until  the  0^  of  torsion  is  in 
the  plane  of  the  magnetic  meridian.  The  needle  which  had 
been  suspended  to  the  wire  is  then  to  be  magnetised  and  to 
be  replaced  exactly  in  the  same  manner.  It  follows  from  thb 
that  when,  in  obedience  to  the  directive  action  of  the  earth, 
the  magnetised  needle  places  itself  in  the  magnetic  meridian, 
the  torsion  of  the  thread  of  the  balance  is  found  to  be  null. 
The  thread  is  now  to  be  twisted  by  turning  the  upper  piece, 
either  in  one  direction  or  the  other,  so  as  to  bring  the  north 
pole  of  the  needle  to  the  west  or  to  the  east:  the  result  is  the 
YOL.  I.  N 
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same  In  both  cases.  We  may  be  sure  that  so  long  as  the 
angle  of  deviation  which  the  needle  is  made  to  describe  does, 
not  exceed  2(f,  it  is  proportional  to  the  angle  of  torsion ;  that^ 
is  to  say,  we  may  be  sore  that,  after  haying  twisted  the  wire 
to  a  certain  angle,  35^  for  example,  to  make  the  needle, 
deviate  1^  to.t^e  east  or  the  west,  wcmust  twist  it  to  a  doable, 
angle,  viz.,  70%  to  produce  a  deviation  of  2®  in  the  same 
direction;  to  a  triple  angle,  viz.  105°,  for  a  deviation  of  3% 
and  so  on.  The  directive  force  of  the  earth,  which  tends  to 
bring  the  needle  back  into  the  magnetic  meridian,  is  th^efore 
represented  in  each  case  by  the  angles  of  torsion,  which 
maintain  it  ^at  greater  or  less  distajK^es  from  this  meridian ; 
and,  as  the  angles  of  torsion  are  'proportional  to  the  angular 
distances,  the  force  itself  is  proportional  to  them.  It  is  not 
rigorously  to  the  angles,  but  to  the  fines  of  the  angles  of 
deviation,  that  the  angle  of  torsion,  and  consequently  the 
directive  force  is  proportional,  iiA  is  proved  both  by  the 
observation  made  with  more  considerable  deviations,  and  a 
eimple  calculation  based  upon  the  consideration  of  the  forces 
by  which  the  needle  is  solicited.  But  this  same  observation 
shows,  as  well  as  experience  does,  that  when  the  angle  does 
not  exceed  20%  we  may,  without  sensible  error,  take  the  angle 
instead  of  its  sine;  for  the  relation  of  the  angle  to  the  sine, 
up  te  20^,  does,  not  exceed.that.of  1  to  1*02. 

It  only  remains  now,  when  we  wish  to  measure  magnetic 
forces. with  the  torsion  balance,  to  determine  for  the  mag- 
netised needle  .which  is  suspended  to  the  thread,  and  which  is 
termed  the  proof-nelBdle,  the  angle  of  tc»rsion  necessary  to 
make  it  deviate  one  degree  from  its  natural  position.  This 
angle  may  vary  with  the.  torsion  thread  employed,  with  the 
needle  that  is  suspended  to  it,  xnd  with  the  intensity  of  the 
terrestrial  magnetism  At  the  place  of  experiment.  Coulomb 
found  that  at  Paris,  and  with  the  needle  he  made  use  of,  the 
angle  was  35%  When,  therefore,  any  force  causes  the  needle 
Jto  deviate  from  the  0°  of  torsion,  and  from  the  magnetic 
meridian  with  which  it  was  made  to  coincide,  as  we  have  said, 
there  are  two  forces  that  tend  to  bring  it  back,  and  the  sum  of 
which  is  equal,  when  equilibrium  is  established,  to  that  which 


Digitized  by 


Google 


CRAP.  I.      THE   MAGNET  ANP  MAGNETIC  PHENOMENA.         179 

tends  to  remoYe  it :  these  two  forces  .^re,  the  one  the  torsion 
represented  by  the  angle  of  torsion^  the  other  the  directive 
force  of  the  earth.  But^  in  order  to  add  this  to  the  other^  we 
mnst  estimate  its  value  in  torsion.  Now  this  is  an  easy  matter 
when  once  we  know  that  each  degree  of  deviation  corresponds 
to  35^  of  torsion.  Thus,  the  force  that  will  maintain  the 
needle  at  10^  of  distance  fix>m  Qf^,  will  be  first  the  torsion  of 
10"^  pins  ten  times  35%  namely,  in  all,  a  force  equivalent  to 
360"*  of  torsion. 

In  order  to  appreciate  the  influence  of  the  directive  force 
in  the  second  method,  we  must  employ  the  formula  of  the 
pendulum;  the  magnetised  needle  oscillates,  in  fact,  like  a 
pendulum,  only  gravity  is  here  replaced  bj  the  equally  at- 
tractive action  exercised  upon  one  of  the  poles  of  the  needle 
By  terrestrial  magnetism.  It  follows  that  the  intensity  of  the 
force  is  in  the  ratio  of  the  square  of  the  number  of  oscillations 
which  take  place  in  the  same  time.  This  conclusion  supposes 
that  the  oscillations  are  made  by  a  dipping  needle  placed  in 
the  direction  of  the  force  by  which  it  is  actuated,  that  is  to' 
say,  in  the  magnetic  meridian,  and  oscillating  in  this  plane, 
exactly  as  the  pendulum  is  placed  in  the  direction  of  the  force 
of  gravity,  and  oscillates  in  a  vertical  plane.  However,  it  is 
demonstrated  that  the  same  formula  or  law  may  be  applied, 
without  sensible  error,  to  the  case  in  which  the  needle  is  a 
declination  needle  oscillating  in  a  horizontal  plane.  When, 
therefore,  we  wish  to  employ  the  method  of  oscillations,  we 
must  commence  by  carefully  determining  for  the  needle  that 
we  employ,  and  which  is  still  the  proof-needle,  the  number  of 
oscillations  it  makes  in  a  given  time,  by  taking  the  precaution 
of  removing  from  it  every  magnetised  body,  or  body  suscep^ 
tible  of  being  magnetised,  such  as  iron,  so  that  it  may  not  be 
actuated  by  any  other  force  than  by  that  of  terrestrial  mag-% 
hetism.  It  is  also  understood  that  experiments,  in  order  to 
be  comparable,  should  be  made,  not  only  with  the  same  mag-^ 
Hetised  needle,  but  in  the  same  place*,  so  that  the  intensity 
of  the  terrestrial  magnetism  may  be  constant 

*  For   the   mathematic   developments   relating   to  the  two  methods,  see 
note  C. 
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liaw  of  magnetic  AUraetiana  and  Repulsions, 

We  shall  begin  by  applying  the  methods  that  we  have 
now  unfolded  to  the  determination  of  the  law  that  magnetic 
attractions  and  repulsions  obey  according  to  distance. 

For  employing  the  former  method,  that  which  depends 
upon  the  use  of  the  torsion  balance.  Coulomb  had  sus- 
pended to  the  torsion  thread  the  same  long  steel  needle  in 
which  the  directive  force  of  the  terrestrial  globe  was  repre- 
sented by  35^  of  torsion  for  1^  of  deviation  firom  the  magnetic 
meridian.  A  second  magnetised  needle,  similar  to  the  first, 
was  placed  vertically  in  the  magnetic  meridian,  so  as  to  act 
by  its  north  pole  upon  the  north  pole  of  the  proof-needle.  The 
disposition  of  the  needle  was  such,  that  the  two  points  acting 
immediately  upon  each  other,  or  which  would  have  been  the 
line  of  intersection  of  the  two  needles  had  they  been  in 
contact,  were  an  inch  from  the  extremities  of  each.  These 
points  were  those  of  the  maximum  of  the  repulsive  forces. 
The  movable  needle  was  driven  immediately  to  a  distance  of 
24^  from  the  magnetic  meridian,  which  gave,  in  order  to  pro- 
duce equilibrium  to  the  repulsive  force  at  this  distance  of  24% 
a  force  of  torsion  of  24**  plus  the  directive  force  of  the  earth, 
equivalent  to  24**  x  35**  of  torsion ;  in  all,  864°.  The  movable 
needle  was  then  brought  up  by  turning  the  upper  piece,  and 
it  was  found  that,  to  bring  it  back  to  a  distance  of  17%  it 
would  have  been  necessary  to  make  the  piece  describe  three 
circumferences,  or  to  twist  the  thread  1080**  at  the  upper 
part  The  total  force  was  therefore  composed,  1st,  of  the 
17**  of  torsion  that  the  needle  was  distant  from  the  0**  of 
torsion,  its  starting  point ;  2ndly,  of  the  1080**  of  torsicm  neces- 
sary to  maintain  it  at  the  distance  of  17**;  3rdly,  of  the  17** 
multiplied  by  36,  namely,  696**  of  torsion,  which  would  repre- 
sent the  effect  of  the  directive  force  of  the  earth.  This  makes 
in  all  1692**  of  torsion  to  make  equilibrium  to  the  repulsive 
force  at  the  distance  of  17%  In  order  t»  make  the  needle 
attain  to  a  distance  of  12**,  it  would  be  necessary  to  turn  the 
upper  piece  6  circumferences,  namely  2880**,  which  gives  a 
total  torsion  of  12**  +  2880**  +  12**  x  36  =  3312% 
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Hiufl  the  forces  of  torsion  that  respectiyely  produce  equili- 
brium with  the  repulsive  forces  are>  at  the  distance  of — 

24**-  .  -  -    864*  of  torsion. 

17*.  -  -  -  1692^ 

12'-  .  -  .  3312'        „ 

The  results  are  closely  approidmated  to  those  which  would 
be  given  by  the  law  of — Inversely  to  the  square  of  the  distances 
for  the  intensity  of  the  repulsive  force.  In  fact,  setting  out 
from  the  force  3312%  the  other,  according  to  this  law, 
would  be 

loa  lot 

3312'  j^  and  3312'  ij;  or 

1650  and  828,  instead  of  1692  and  864,  which  are  given  by 
experiment.  These  differences  are  very  slight  if  we  consider 
that  an  error  of  a  single  degree  on  the  observed  position  of 
the  movable  needle  makes  one  of  35'  for  the  force,  since  the 
directive  force  is  35'  for  each  degree  of  deviation  from  the 
magnetic  meridian.  Besides,  we  shall  remark  that  the  mutual 
action  of  the  two  magnetised  needles,  not  being,  all  concentrated 
in  two  single  points  situated  upon  each  of  them,  the  variation 
in  the  distance  establishes  a  variation  in  the  relative  position 
of  the  acting  points,  and  that,  in  proportion  as  the  distance 
increases,  there  are  more  points  that  may  act  mutually  upon 
each  other.  Thus  we  find  the  force  a  little  greater  when 
the  distance  increases,  which  it  ought  not  to  be  according  to 
the  law.  We  should  operate  in  a  similar  manner,  in  order 
to  demonstrate  that  the  law  exists  equally  for  attractions ;  it 
would  merely  be  necessary  to  place,  opposed  to  each  other,  the 
poles  of  the  two  needles  having  contrary  names,  first  having 
taken  the  precaution  to  place  the  movable  needle,  by  means 
of  torsion,  at  a  considerable  distance  from  the  fixed  needle. 

We  must  now  see  how  Coulomb  employed  the  second  method. 

The  proof-needle  was  a  steel  wire  weighing  57*89  grs, 
Troy,  strongly  magnetised,  and  suspended  to  a  silk  threa4 
without  torsion.  This  needle  made  fifteen  oscillations  per 
minute  under  the  influence  of  the  terrestrial  magnetism. 
Coulomb  then  placed  vertically  in  the  plane  of  the  magnetic 
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-meridian  a  magnetised  steel  wire^  about  23^  inches  long, 
taking  care  that  the  north  pole  was  turned  downwards,  the 
south  pole  of  the  wire  being  opppsite  to  the  north  pole  of  the 
proof-needle,  but  at  variable  distances.  The  centre  of  the 
attractiye  action  of  this  pole  should  be  situated  in  the  hori- 
zontal plane  of  the  proof-i;ieedle,  a  necessary  condition,  in 
order  that  the  needle  should  not  run  the  risk  of  dipping, 
either  below  or  above  this  plane.  For  this  reason  it  would 
be  necessary  to  place  the  south  extremity  of  the  magnetised 
steel  wire  at  about  an  inch  above  the  same  plane.  Things 
being  thus  arranged,  at  4  inches  from  the  wire,  the  needle 
made  forty-one  oscillations  i>er  minute  instead  of  fifteen;  at 
8  inches  it  made  twenty-four;  at  16  it  made  seventeen. 

From  the  law  of  the  pendulum  liiat  we  have  just  mentioned 
as  being  applicable  to  the  present  case,  we  have,  calling  m 
the  force  of  terrestrial  magnetism,  mf  that  which  acts  upon 
the  needle  at  the  distance  of  4  inches,  and  mf^  that  which  acts 
at  the  distance  of  8  inches, 

m~15^'  w~""l5«' 
But,  in  order  to  obtain  the  law  of  the  simple  action  of  the 
magnet  upon  the  movable  needle,  we  must  deduct  from  m' 
and  m"  the  total  force  acting  upon  this  needle,  m,  the  force  of 
terrestrial  magnetism;  the  differences  m'— m,  mf' ^m  express 
correctly  the  simple  action  of  the  magnet  at  the  respective 
distances  of  4  and  8  inches.  Now  we  deduce  from  the  two 
Yfi' ffi     41^2 15-2     1456 

^^'''^'^'^^^^'''^i,,r^i^=2^=W^='z&T=^'^  Thus 

the  force  that  acts  at  4  inches,  namely,  at  a  certain  distance, 

is  quadruple  that  which  acts  at  a  double  distance.     We  should 

find  for  the  distance  of  16  inches,  17*— 15^  =  64,  a  number  a 

1456 
Jittle  too  small;  for  -^^=22},  and  it  ought  to  be  found  to 

be  16.  This  variation  occurs  because  that,  at  the  distance 
of  16  inches,  the  lower  north  pole  of  the  fixed  magnet  acts 
upon  the  north  pole  of  the  movable  needle,  and  diminishes, 
by  its  repulsive  effect,  the  attractive  action  of  the  south  pole 
which  is  above.     It  was  with  a  view  of  avoiding  this  incon- 
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▼enience  tiiat  we  gave  a  eonsideraUe'  length  to  the  rertical 
magnet;  bat  this  precaution^  which,  fulfils  the  object  in  view^ 
as  we  may  easily  conceive^  when  the.  ijioyable  needle  is  not 
too  far  off,  is  no  longer  sufficient  as  soon  as  the  distance 
exceed!}  a  certain  limit. 

In  fine>  we  may  conclude  equally  from  both  methods  thai 
magnetio  attr€usHonaand.repubian8  are  inversely, a^  the  square  of 
the  distance^ 


DtstrUmtion  ofMagnetiMn  in  a  magnetised' Ban 

The  same  two  methods  that  we  have  just  employed  to  find 
the  law.  of  the  inverse  of  the  square,  come  to  our  aid  also  in 
determining  the  distribution-  o£'  magnetism  iix^  a  magnetised 
bar* 

We  may  too,  by  a  very  simple  method,  prpye.  the  inequality 
of  this  distribution:  it  is  sufficient  for  this ) to  hold  a  mag- 
netised bar  in  a  horizontal  position,  and  to  >  move  under  its 
iower  surface  and  along  its  whole  length  ar  small  piece  of 
•8o£b  iron,  sustaining  a  small  scale-pan  by  three  or  four 
threads.  We  very  quickly  discover  that  the  weight,  which 
must  be  put  iu.  the  paa  to  detach  the  soft  iron,  varies  much 
with  the  position  of  the  point  of  the  magnet  that  acts  u.pon 
.the  iron ;  hence  we  conclude  that  the  magnetic  force,  which 
may  be  regarded  as  proportional  to,  the  weight,  is  very 
unequally  distributed.  Thus  it  is  at  its  maximum  at  two 
points,  distant  a  tenth  of  an  inch  or  so  from  th^  two  exr 
tremities  of  the  bar.  Setting  out  from  these  points,  ii;  goes 
on  diminishing  very  rapidly,  either  in  the  interval  by  which 
they  are  separated,  or  from  each  of  them  to  the  same 
extremity  of  the  bar.  The  manner  in  which  iron  filings  are 
distributed  around  the  bar,  when  they  are  attracted  by  it, 
confirms  this  result.  We  see  them,  in  fact,  accuDomlated  in 
a  large  proportion  about  the  poles,  around  ^hich  they  seem 
to  converge  from  all  parts,  as  towards  centres,  of  action 
{Fig,  76.).  The  central  portion  of  the  bar  attracts  only  a 
very  small  number  of  the  particles  of  iron ;  it  even  sometimes 
happens  that  it  does  not  attract  any.     However^  if  the  bar  is 
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not  very  long,  the  jBlings  are  distributed  anmnd  the  central 
point,  describing  a  species  of  curves  which  go  from  one  pole 


Fig.  76. 

to  the  other,  and  forming  as  it  were  an  ellipse,  having  for  its 
axis  that  of  the  bar,  and  for  its  foci  its  two  poles.  To  make 
these  figures  evident,  we  should  project  the  iron  filings,  after 
the  manner  of  rain,  upon  a  sheet  of  white  paper  or  upon  a 
pane  of  glass,  covering  the  magnetised  bar;  bj  means  of 
fimaU  taps  given  to  the  paper,  the  arrangement  oif  the  filings 
and  the  formation  of  the  figures  is  facilitated.  M.  de  Haldat 
succeeded  in  fixing  these  figures,  which  he  termed  magnetic 
phantoms  ;  with  this  view,  he  applied  to  a  pane  of  glass  upon 
which  the  figure  is  formed,  a  sheet  of  stiff  paper  impregnated 
with  starch  glue  prepared  from  gelatine ;  the  powder  of  iron 
filings  is  thus  obtained  fixed,  as  it  was  distributed  upon  the 
glass.  We  are,  by  this  means,  enabled  the  more  easily  to 
study  the  distribution  in  all  its  details.  M.  de  Haldat  thus 
proved  that  the  centres,  whence  the  radiating  lines  arise,  are 
in  truth  the  poles  of  the  magnet,  which  are  themselves 
deprived  of  the  iron  filings.  The  disposition  of  the  curves 
formed  by  the  iron  filings  is  such  that,  divergent  at  their  origin, 
they  are  never  distinct  and  separate  from  each  other  through- 
out their  extent    On  the  contrary,  they  unite  again  after  their 
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origiB,  and  form  speciea  of  meshes.  M.  de  Haldat  has  also 
studied  the  magnetic  phibitoms  produced  bj  two  magnets 
placed  in  relation  to  each  other  in  various  ways ;  and  he  esti- 
mates that  this  study  may  lead  to  important  residts  on  the  state 
of  magnetism  m  all  bodies,  on  its  power  and  its  distribution. 

Long  before  M.  de  Haldat,  the  magnetic  curves  had  fixed 
the  attention  of  many  philosophers,  independently  of  the  de* 
scription  given  of  them  by  Lucretius.*  Thus  Mushenboeck, 
Lambert  (who  had  succeeded  in  giving  the  equation  of  their 
curves),  Playfair,  and  Leslie,  have  idso  been  successively 
occupied  with  them.  Dr.  Roget  simplified  the  methods 
described  by  his  predecessors,  and  pointed  out  some  easy 
processes  for  obtaining  these  curves  graphically.  The  fol- 
lowing are  the  principal  properties  of  these  curves,  engen- 
dered by  the  simultaneous  and  contrary  or  similar  action  of 
the  two  polarities  of  magnets  upon  parcels  of  soft  iron,  or 
upon  infinitely  small  magnets. 

1st  The  di£Perence  of  the  co-sines  of  the  angles  formed 
with  the  axis  of  the  magnetised  bar  by  the  lines  which  join 
any  given  point  of  the  curve  with  the  two  poles,  is  a  constant 
quantity,  these  angles  being  taken  on  the  same  side. 

2nd.  A  tangent,  drawn  to  any  point  of  the  curve,  cuts  the 
axis  produced  of  the  magnet  producing  it  in  such  a  point, 
that  its  distance  firom  the  nearest  pole  is  to  the  absolute 
length  of  the  magnet  as  the  cube  of  the  distance  from  the 
point  of  the  tangent  to  the  same  pole  is  to  the  difference  of 
the  cubes  of  its  distances  from  the  two  poles. 

*     ''Fit  qnoqne,  ut  a  lapide  hoc  fern  natara  reoedat 
Interdum  ;  fiigere,  atqne  seqai  consaeta  vicissim, 
Exsaltare  etiam  Samodiracia  ferrea  yidi ; 
Ac  ramenta  simul  fern  fiuere  intus  ahenis 
In  flcaphiis,  lapis  hie  magnes  qnnm  sabditus  esset ; 
Usqne  adeo  fngere  a  bkxo  gestire  Tidetar 
.^Bre  interpodto  $  discordia  tanta  creatur  : 
Propterea,  quia  nimimm  priius  ssstuB  ubi  aeris 
Pneceptt  ferriqae  viae  poraedit  opertaa ; 
Posterior  lapidis  venit  sestus  et  omnia  plena 
Invenit  in  feiro  ;  neque  trabat  qnA  tranet,  ut  ante ; 
Cogitor  obflensare  igitor  pulsareque  flnctn 
Ferrea  textu  sno,  qno  pacto  respnit  ab  se, 
Atqne  per  ass  agitat  sine  eo  quod  siepe  resorbet.^ 

J>e  Bsnm  Naturd,  vl  1041-54.    Wakefield's  edition. 
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3rd.  The  sines  of  the  4mgles^  formed  by  this  tangent  with 
the  right  lines  which  measure  tliese  distances  to  the  two 
poles^  are  to  each  other  as  the  squares  of  their  distances. 

Dr.  Boget  described  an  instrument  suitable  for  tracing 
these  curves  by  a  continuous  movement,  and  founded  upon 
the  first  of  the  principles  announced  above.  He  also  ac- 
quainted us  with  the  following  process,  by  the  aid  of  which 
they  are  described  by  points :  — 

From  each  pole  as  a  centre,  and  with  radii  of  an  arbitrary 
length,  two  circumferences  are  traced.  After  havii^  pro- 
duced the  axis  imtil  it  meets  them,  it  is  divided  into  any 
number  of  equal  parts ;  each  of  the  points  of  the  division  is 
projected  perpendicularly  upon  the  circumference.  Through 
the  centre  of  each  circumference,  and  the  points  that  have 
been  determined  upon  it,  are  drawn  radii,  indefinitely  pro- 
longed. These  radii  cut  each  other  mutually  in  points  which 
belong  to  the  curves  in  question.  If  the  two  generating  poles 
are  heterogeneous,  the  curves  are  called  convergent,  and  are 
curvilinear  diagonals,  in  the  direction  of  the  magnetised 
axis,  of  quadrilateral  intervals  formed  by  the  intersection  of 
the  radii.  If  the  two  poles  are  homogeneous,  these  curves 
are  called  divergent,  and  their  direction  is  determined  by 
that  of  the  curvilinear  diagonals  perpendicular  to  the  former, 
and  consequently  to  the  axis  that  joins  the  poles.* 

But  to  return  to  the  employment  of  the  two  methods, 
which  will  give  us  more  accurate  results.  With  the  torsion 
balance.  Coulomb  used  two  similar  magnetised  needles,  one 
fixed,  the  other  movable ;  by  means  of  which  he  determined 
the  law  of  the  inverse  of  the  square.  He  made  the  fixed  one 
slide  behind  a  thin  wooden  rule,  which  separated  it  from  the 
movable  one,  care  being  taken  that  it  remained  verticaL  He 
then  noted  the  torsion  which  it  was  necessary  to  give  to  the 
suspending  thread,  to  constrain  the  extremity  of  the  movable 
needle  to  remain  in  the  plane  of  the  magnetic  meridian,  and 
almost  in  contact  with  the  fixed  one,  from  which  it  was  sepa- 
rated only  by  the  thickness  of  the  wooden  rule.  By  ope- 
rating in  this  manner,  Coidomb  avoided  the  effect  upon  the 
*  For  the  mathematical  developments^  see  the  note  D,  at  the  end  of  the  yolume. 
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morable  needle  of  any  other  points  than  that  which  was  in 
the  same  horizontal  plane  trith  it ;  he  no  longer  had  occasion 
to  take  account  of  the  directive  force  of  the  earth,  since  the 
needle  remained  in  the  magnetic  meridian.  The  angles  of 
torsion  necessary  for  maintaining  them  exactly  represented^ 
therefore,  in  each  case,  the  magnetic  force  of  the  point  acting 
upon  the  fixed  needle. 

In  the  second  method.  Coulomb  caused  the  proof-needle  to  os<* 
cillate  before  the  different  parts  of  a  long  magnetised  bar,  which 
he  made  to  glide  along  vertically,  so  that  all  its  points  were 
to  be  found  successively  in  the  horizontal  plane  of  the  needle, 
and  at  the  same  distance.  Calling  m\  m"y  and  ifn!'\  the  total 
action  exercised  upon  the  needle,  when  it  is  successively 
before  each  of  the  points  of  the  bar,  m  being  still  that  of  the 
terrestrial  magnetism,  and  n^,  Wy  n'^^  the  number  of  oscillations 
made  by  the  proof-needle  before  each  of  these  points,  n  being 
the  number  of  oscillations  when  terrestrial  magnetism  alone 

acts  upon  the  needle,  we  have  —  =  -«-  5 

m       n* 

m"       n"^     tn!"       W"^        ,  wl  ^  m 

whence 


'  —  m,  ml''  —  m,  represent  the  magnetic 
forces  emanating  respectively  from  each  point  of  the  magnet ; 
because  these  quantities  are  the  total  action  diminished  by 
that  of  the  terrestrial  magnetism,  and  we  may  compare  these 
together  when  once  we  have  by  experiment  determined  n,  n'y 
n",  n"\  &c 

The  following  is  a  table  of  the  results  obtained  by  Coulomb 
with  a,  steel  wire  28|  in.  long,  and  '176  in.  in  diameter. 

The  proof-needle,  before  the  steel  wire  was  presented  to  it, 
made  one  oscillation  in  a  minute^  or  6(X'. 

Before  the  extremit j  of  the  wire  it  made  ^  64  obcU.  in  60^' 

Before  the  same  extremity  lowered     *53  in.  58     „  ,, 

99  »  \*^     9)  44         9,  y% 

99  9»  2*12      „  18  „  „ 

99  99  3*18      „  12  Yi  „ 

t,  „  4-80    „       1  to  2     „  „ 
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Thus^  setting  out  from  the  point  situated  from  4^  in.  to 
4|  in.  below  its  extremity^  the  steel  needle  presented  no 
sensible  magnetic  force.  By  continuing  to  lower  the  needle, 
it  was  found  that  the  almost  complete  absence  of  action 
continued  to  about  a  distance  of  4^  in.  to  4f  in.  from  the 
other  extremity.  But,  setting  out  from  this  distance,  the 
same  were  again  produced  in  an  inverse  order;  and  the 
proof-needle  made  a  complete  rotation  to  present  its  other 
pole  to  the  action  of  the  steel  wire,  the  second  pole  of  ;v7hich, 
in  like  manner,  commenced  acting  upon  it. 

By  the  employment  of  this  method,  we  may  easily  prove 
the  presence  of  consecutive  points  or  intermediate  poles,  in 
the  portion  of  a  magnetised  wire  or  steel  bar  comprised 
between  its  extreme  points:  we  can  also  determine  the 
intensity  of  the  magnetic  forces  with  which  they  are  endowed. 
With  regard  to  the  intensity  of  the  forces  that  emanate  from 
the  very  extremities  of  the  magnetised  wire,  it  is  necessary, 
in  order  to  obtain  the  true  expression,  to  double  the  result 
obtained ;  for  the  effect  would  evidently  be,  for  these  extreme 
points,  the  double  of  what  it  is  really  if  the  magnet  were 
prolonged  beyond  and  presented  points  on  the  outside  as 
efficacious  as  those  that  are  within ;  which  takes  place  for  the 
other  parts  of  the  bar. 

Coulomb  also  succeeded  in  representing  geometrically  all 
the  results  that  he  obtained,  by  erecting  upon  each  of  the 
points  of  a  horizontal  line,  representing  a  magnetised  wire, 
perpendiculars  of  leng£bs  proportional  to  the  intensities  ob- 
tained by  experiment.  The  extremities  of  these  perpendiculars, 
in  the.  experiment  that  we  have  related  above,  form  a 
curve,  which  is  confounded  with  the  axis  of  the  wire,  which 
was  28f  in.  long,  for  a  length  of  about  19^  in.,  and  goes  on 
receding  rapidly  from  this  axis  from  the  4|  in.  and  the  24th 
in.  to  the  extremities,  where  it  attains  its  mft-rimTim  (Fig.  77.). 

It  is  very  remarkable  that  this  curve,  or,  which  comes  to 
the  same  thing,  the  distribution  of  the  magnetism  of  which  it 
is  the  representation,  is  exactly  the  same  for  wires  or  plates 
of  different  lengths,  provided  that  the  length  exceeds  eight 
inches ;  there  is  no  other  difference,  except  that  the  space  left 
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in  the  middle,  where  the  magnetism  is  sensibly  null,  yaries  m 
length*     It  follows  also  from  this,  that  all  magnets  of  the 


same  force,  and  of  greater  length  than  eight  inches,  have 
their  poles  at  the  same  distance  from  their  extremities :  this 
distance  is  about  1^  in«,  according  to  CoidomVs  calcnladons. 
The  same  philosopher  fonnd  that,  when  magnets  are  too 
short,  their  poles  are  very  nearly  one-third  of  their  half-length 
fit>m  their  extremities:  thus,  for  a  needle  of  3}  inches,  the 
poles  will  be  at  a  distance  of  -/^  in.  at  least  from  its  ex* 
tremities* 

All  these  results  are  only  true  for  magnets  whose  length 
is  very  great  in  respect  to  their  transverse  dimensions,  whose 
form  is  perfectly  regular,  such  as  the  cylindrical  or  rect- 
angular, and  which  are  magnetised  in  a  normal  manner. 
With  needles  in  the  form  of  a  lozenge  the  poles  are  much 
more  distant  from  the  extremities :  in  this  case,  as  in  others, 
the  proof-needle  must  be  employed,  in  order  to  determine 
their  position;  calculation  cannot  lead  to  it  a  priori 

M.  Becquerel  endeavoured,  by  means  of  the  torsion  balance, 
to  determine  the  distribution  of  magnetism  in  excessively  fine 
steel  wires :  he  obtained  these  wires  by  drawing  through  the 
draw-plate  a  steel  cylinder,  of  small  diameter,  which  he  had 
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placed  in  the  axis  of  a  cylinder  of  silver  ten  times  larger. 
Then^  after  having  obtained  a  very  fine  silver  wire^  having 
for  its  axis  an  almost  capillaiy  steel  wire^  he  dissolved  the 
silver  in  mercury^  which  did  not  attack  the  steely  and  ob* 
tained  an  ahnost  microscopic  steel  wire. 

These  wires  are  not  susceptible  of  acquiring  strong. mag- 
netism: however^  thej  become  sufficiently  magnetised  to 
enable  us  to  prove  that  the  distribution  of  their  magnetism 
follows  very  nearly  the  law  deduced  from  Coulomb's  ob- 
servations. M.  Becquerel  found  that,  in  a  wire  -00052  in.  in 
diameter,  and  5  in.  in  length,  the  poles  were  '334  in.  from 
its  extremities.  One  might  have  diought  that  they  would 
have  been  at  the  extremities  themselves,  which  would  pro- 
bably have  happened,  had  the  wire  been  composed  of  only 
one  range  of  consecutive  particles ;  an  ideal  case,  which  it  is 
not  possible  to  realise. 

M.  Kupffer  has  remarked,  by  means  of  very  delicate  ex- 
periments, made  by  the  method  of  oscillations,  that  there  exists 
in  a  magnetised  bar  a  point,  which  exercises  absolutely  no 
action  upon  the  needle,  and  which  he  has  termed  point  of 
indifference.  The  position  of  this  point  is  influenced  in  a  very 
pronounced  manner  by  terrestrial  magnetism,  when  the  bar 
is  not  strongly  magnetised.  If  this  bar  is  arranged  in  a 
vertical  position,  its  north  pole  being  below,  the  point  of 
indifference  is  found  to  be  nearer  to  the  north  than  to  the 
other  pole.  If  the  bar  is  inverted,  the  point  of  indifference 
approaches  the  middle.  In  the  former  case;  the  north  pole  of 
the  bar  was  stronger  than  the  south  pole.  In  the  latter  case, 
the  two  poles  approached  gradually  towards  having  the  same 
power.  It  would  follow  from  this,  that  the  point  of  in- 
difference would  be  always  nearer  to  the  stronger  pole ;  and 
that  the  kind  of  influence  of  terrestrial  magnetism  that  has 
just  been  pointed  out,  would  consist  simply  in  determining  a 
greater  intensity  in  one  of  the  poles  than  in  the  other.  The 
same  effect  may  be  remarked  upon  a  horizontal  magnet ;  its 
north  pole  is  stronger  than  its  south,  when  it  is  in  its  natural 
direction. 

Elevation  of  temperature,  as  we  have  seen,  diminishes  th^ 


Digitized  by 


Google 


CHAP.  X.      THE   MAGNET  AND  MAGNETIC   PHENOMENA.        191 

magnetic  intensity  of  a  bar.  M.  Enpffer  has  shown  that  it 
also  modifies  the  distribution  of  magnistism  in  the  same  bar. 
The  displacement  of  the  point  of  indifference  is  especially 
sensible,  when  only  one  of  the  poles  is  heated.  The  point  of 
indifference  recedes  from  the  heated  pole^  which  also  becomes 
more  feeble. 

It  would  seem  to  result  from  these  observations  of 
M.  Eupffer,  that  the  relative  intensity  of  the  two  poles  is  the 
only  cause  exercising  an  influence  over  the  distribution  of  the 
magnetism;  and  it  is  only  because  they  modify  this  in- 
tensity, that  different  circumstances,  such  as  terrestrial  mag- 
netism and  variation  of  temperature,  cause  this  point  of 
indifference  to  undergo  a  change  of  place.  Finally,  we 
should  be  led  to  believe  that,  if  the  point  of  indifference  does 
not  remain  in  the  middle  of  a  bar,  but  is  carried  from  the 
stronger  side  when  the  two  extremities  have  not  the  same 
magnetic  power,  it  is  because  the  sum  of  all  the  opposed 
forces  being  necessarily  always  equal  to  each  other,  this 
condition  can  be  frdfilled  only  so  long  as  the  points  from 
which  the  more  feeble  emanate  are  more  numerous  than  the 
points  from  which  the  more  intense  emanate;  and,  conse- 
quently, that  the  portion  of  the  needle  whose  extremity  has 
the  greatest  amount  of  magnetism  is  shorter  than  the  portion 
whose  extremity  has  the  least. 

Theory  of  Magnetic  Fluids  and  of  the  Coercitive  Force. 

The  sort  of  considerations  that  we  have  b^en  discussing 
lead  us  to  entering  upon  the  theory  of  magnetism,  a  subject 
which  the  labours  of  Coidomb,  followed  by  the  mathematical 
researches  of  Poisson,  would  seem  to  have  exhausted,  when 
the  discoveries  of  which  we  shall  speak  in  the  following 
Chapter,  if  they  did  not  totally  overthrow,  at  least  modified 
considerably,  the  theoretical  ideas  of  these  two  philosophers. 
However,  tiieir  theory  is  too  important,  and  at  this  time  too 
widely  extended,  to  permit  of  our  passing  over  it  in  silence. 
The  importance  and  the  utility  of  being  acquainted  with  it, 
in  order  to  comprehend  that  which  has  been  substituted  for 
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ity  and  which  includes  a  great  number  of  points  common 
-with  it^  render  its  exposition  still  more  indispensable,  even 
although  we  should  be  obliged  to  abandon  it  hereafter. 

As  soon  as  we  enter  upon  the  study  of  magnetic  phe- 
nomena, we  are  struck  by  the  analogy  they  present  with 
electric  phenomena:  we  are  then  very  quickly  tempted  to 
attribute  them  to  two  magnetic  fluids,  possessing  properties 
of  the  same  kind  as  those  possessed  by  the  two  electric 
fluids ;  one,  the  north  magnetic  /luid,  woidd  be  the  cause  of 
the  effects  produced  by  the  north  pole  of  a  magnet;  the 
other,  the  $auih  fiaiiy  of  the  phenomena  presented  by  the 
south  pole  of  the  magnet.  The  fluids  of  the  same  name  repel 
each  other;  those  of  the  contrary  name  attract.  Analogy, 
however,  would  not  go  Airther;  for  experiment  has  shown 
that  the  magnetic  and  electric  fluids  exercise  mutually  no 
influence  upon  each  other :  moreover,  the  electric  fluids  may 
be  manifested  upon  all  bodies  in  nature,  whilst  the  mag- 
netic fluids  are  sensible  only  upon  a  very  small  number  of 
bodies. 

An  important  experiment  shows,  moreover,  that  the  two 
magnetic  fluids  are  not  distributed  in  a  magnetic  bar  in  the 
same  manner  as  the  two  electric  fluids  are  in  an  insulated 
conductor ;  on  the  contrary,  their  distribution  would  seem  to 
have  much  more  analogy  with  that  assumed  by  the  two 
electricities  in  an  insulating  body  whose  successive  particles 
are  polarised,  as  the  recent  researches  of  Faraday  have  de- 
monstrated. 

The  following  is  this  experiment.  We  take  a  magnetised 
cylindrical  needle,  of  good  and  well-tempered  steel,  and 
presenting  no  consecutive  points;  we  satisfy  ourselves  that 
each  of  its  halves  possesses  a  contrary  magnetism.  We 
break  it  in  the  middle;  it  would  seem  that  each  half  ought 
to  possess  only  one  of  the  two  magnetisms  after  its  rupture, 
as  it  had  before :  it  is  not  so,  however ;  each  of  its  halves 
has  become  a  perfect  magnet,  having  its  two  poles  and  its 
point  of  indifference  in  the  middle.  The  half  that  is  termi- 
nated by  a  north  pole  has  acquired  a  south  pole,  and  that 
which  is  terminated  ^by  a  south  pole  has  also  acquired  a  north 
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pole  at  its  new  extremity ;  so  that,  at  the  point  of  rupture, 
two  contrary  poles  make  their  appearance.  We  may  also 
break  through  the  middle  of  each  of  the  former  frag- 
ments that  had  become  magnets,  and  so  produce  four  new 
magnets,  perfectly  similar,  except  in  dimensions,  to  the  pre- 
ceding. These  latter  may  be  again  broken  in  like  manner ; 
and  if  this  operation  is  pursued  to  the  last  possible  limits  of 
mechanical  division,  however  small  the  fragment  obtained 
may  be,  it  always  gives  a  magnet  having  contrary  poles,  and 
endowed  with  all  the  properties  of  a  more  considerable 
magnet. 

We  should  necessarily  conclude,  from  this  curious  experi- 
ment, that  the  two  magnetisms  are  equally  to  be  found  in  all 
the  particles.  We  are  therefore  led  to  admit,  that  each 
particle  of  a  magnetic  body  contains  the  two  inagnetisms  in 
equal  proportions ;  that,  in  the  natural  state,  these  two  mag- 
netisms neutralise  each  other,  and  there  is  no  action  from 
them :  but  that  the  magnetism  separates  them  without  their 
leaving,  on  that  account,  the  particles  which  contain  them ; 
only  all  the  magnetisms  of  one  kind  are  led  toward  one  side 
of  the  particle,  and  all  the  magnetisms  of  the  other  kind  are  led 
toward  the  other  side.  Let  us  suppose  a  filament,  or  a  series 
of  particles  ranged  one  after  the  other,  in  a  right  line.  We 
move  along  this  series  the  north  pole  of  a  magnet;  this  pole 
decomposes  successively  the  natural  magnetism  of  each  of 
the  particles  over  which  it  passes ;  it  attracts  the  south  mag- 
netism into  the  extremity  of  the  particle  directed  to  the  side 
toward  which  it  travels,  and  repels  the  north  magnetism  into 
the  opposite  extremity.  In  this  way,  each  particle  has  a 
south  pole  turned  in  the  direction  followed  by  the  magnet 
that  is  moved  along,  and  a  north  pole  turned  on  the  other 
side.  A  south  pole  is  finally  found  on  the  outside  of  the  last 
particle  touched  by  the  magnet,  and  a  north  pole  on  the  out- 
side of  the  first  These  two  poles  will  be  the  only  active 
ones,  for  the  contrary  inagnetisms  of  all  the  intermediate 
particles  will  be  mutually  disguised,  although  they  are  in 
different  molecules  {Fig.  78.).  If  they  were  in  the  same, 
they  would  neutralise  each  other.     The  experiment  in  which 
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a  magnet  is  broken  is  the  proof  that  thej  are  only  disguised ; 
the  two  poles  that  appear  are  due  to  the  contrary  magnetisms 


Ndll^  (^  (^  (^  (^  (^(;y  (^  (3J)  (^S 

Fig.  78. 

which  occur  in  the  extremities  facing  the  contiguous  particles 
that  rupture  has  just  separated.  Had  they  been  neutralised, 
and  not  simply  disguised,  these  magnetisms  would  not  have 
been  set  at  liberty  by  the  siBparation  of  the  two  particles. 
The  nature  of  the  two  poles  that  are  manifested  at  the  points 
of  rupture  of  the  two  fragments  is  perfectly  in  accordance 
with  theory,  as  is  rendered  evident  by  the  figure.  This 
property,  that  is  attributed  to  the  two  magnetisms,  of  being 
able  to  disguise  without  neutralising  each  other,  may  be 
proved  directly  by  experiment.  It  is  sufficient  for  this 
purpose  to  suspend  any  object  of  soft  iron,  for  example  a  key, 
to  one  of  the  poles  of  a  magnetised  bar,  and  to  approach  it 
from  above  with  the  opposite  pole  of  a  similar  bar.  At  the 
moment  when  contact  between  the  two  contrary  poles  occurs, 
and  sometimes  even  a  little  before,  the  suspended  iron  object 
falls  suddenly ;  and  it  is  impossible  to  cause  it  to  be  sustained 
again  so  long  as  the  opposite  poles  of  the  two  bars  are  in 
contact,  a  proof  that  the  action  of  the  one  is  disguised  by  the 
other;  in  fact,  as  soon  as  they  are  separated,  they  each 
recover  their  former  energy. 

However,  one  cause  which,  while  it  sensibly  modifies  the 
distribution  of  the  free  magnetism,  has  an  influence  also  upon 
the  place  of  the  poles,  is  the  mutual  action  which  the  two 
poles  of  the  contrary  name  may  exercise  upon  each  other,  and 
which  becomes  sensible,  on  account  of  their  limited  distance, 
in  very  short  magnets.  This  action  recomposes  a  great  part 
of  the  magnetism  developed  by  exterior  magnets  in  the  act 
of  magnetisation:  thus  we  see  that  the  quantity  of  free 
magnetism  is  much  less  in  short  magnetised  wires  than  in 
long  ones.  This  reaction  of  the  contrary  poles  upon  each 
other  ceases  to  be  sensible,  it  is  true,  in  magnets  whose  length 
is  very  great ;  but  it  is  then  exercised  upon  tlie  intermediate 
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portions^  and  tends  to  develope  their  natural  magnetisms^  as 
an  exterior  magnet  would.  Hence  result  the  consecutive 
points^  which  are  thus  formed  of  themselves  in  very  long 
pieces  of  steely  as  soon  as  thej  are  withdrawn  from  the  influ- 
ence of  the  bars  by  which  they  are  magnetised. 

The  case  of  a  simple  series  of  particles  is  only  a  theoretic 
case.  We  may  approximate  to  it  by  employing  very  fine 
steel  wire^  as  Becquerel  did;  but  it  is  never  completely 
realised.  In  fact^  a  magnet  is  a  union  of  a  greater  or  less 
number  of  similar  series  of  particles, — series  which  would 
be  parallel  in  a  cylindrical  or  in  a  perfectly  prismatic  magnet 
The  poles  of  the  magnet,  which  are  the  points  of  application 
of  the  resultants  of  all  the  forces  emanating  from  the  poles 
situated  at  the  extremities  of  these  parallel  series,  ought  in 
this  case  to  be  found  at  the  very  extremities  of  the  bars. 
But  this  result  is  never  completely  realised,  because,  in  con- 
sequence of  the  molecular  structure  of  the  metal,  the  series  of 
particles  are  not  perfectly  parallel:  because,  also,  they  are  never 
all  equally  prolonged  to  the  end.  This  last  case  is  especially 
presented  in  needles  whose  form  is  not  that  of  a  prism  or  a 
cylinder ;  in  those  of  a  lozenge  form  particularly.  It  is  evi- 
dent that  the  resultant  of  the  forces  emanating  from  the 
extremity  of  each  series  cannot  have  its  point  of  application 
at  the  extremity  of  the  needle ;  but  it  must  necessarily  be  at 
a  point  nearer  to  its  centre.  We  shall  see  further  on  that 
the  difference  we  have  been  pointing  out  between  the  result 
of  theory  and  that  of  observation  is  connected  also  with  other 
causes  of  a  more  important  order,  relative  to  the  magnetic 
state  of  the  interior  portions  of  a  magnet 

The  theory  of  magnetism  that  we  have  been  unfolding 
implicitly  supposes  the  existence  of  a  force,  that  has  been 
called  coercitive.  It  would  be  analogous  to  what  in  electricity 
is  the  insulating  force  that  maintains  the  two  separated  elec- 
tricities in  a  body  whose  particles  are  polarised,  as  occurs 
in  the  experiment  of  Matteucci's  that  we  have  quoted,  of  a 
pile  formed  of  several  superposed  plates  of  mica,  which,  when 
separated,  are  found  to  be  electrised  plus  on  one  of  their 
surfaces,  and  mimis  on  the  other. 
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The  coercitive  force  is  that  which  maintains  the  two  mag- 
netisms separate  in  each  particle,  by  compelling  them  to  obey 
their  mutual  attraction.  This  same  force  must  equally  be 
opposed  to  their  separation ;  it  is,  therefore,  that  which  must 
contend  against  magnetisation.  Thus,  we  remark,  that  the 
bodies  which  are  the  most  difficult  to  become  magnetised, 
such  as  tempered  steel,  preserve  better  the  magnetism  that 
lias  been  given  to  them ;  whilst  those  which,  like  soft  iron, 
are  very  easily  magnetised,  in  like  manner  immediately  lose 
their  magnetism.  The  former  have  a  considerable  coercitive 
force;  the  latter  have  a  very  feeble,  or  hardly  any  force. 
This  difference  may  be  made  manifest  by  a  very  simple 
experiment.  A  soft  iron  wire  is  to  be  suspended  from  the 
pole  of  a  magnet  by  one  of  its  extremities ;  we  immediately 
find  at  the  other  extremity  a  pole  capable  of  attracting  iron 
filings ;  if  we  then  cut  the  wire,  still  leaving  it  suspended  by 
the  magnet,  at  a  small  distance  from  this  pole,  the  detached 
fragment  has  no  longer  at  either  of  its  ends  any  trace  of 
magnetism.  With  steel  wire  the  fragment  would  be  a  true 
magnet,  having  at  each  of  its  two  ends  a  different  pole. 

Heat  destroys  the  coercitive  force ;  and  so  it  is  that  mag 
netised  bodies  lose  their  magnetism  when  they  are  brought 
to  a  high  temperature ;  the  two  magnetisms  then  unite  in 
each  particle.  But,  if  they  are  under  the  influence  of  terres- 
trial magnetism,  then  the  feebleness  of  the  coercitive  force 
again  permits  the  separation  under  this  influence  of  natural 
magnetism;  a  separation  which  is  maintained  when,  after 
cooling,  this  force  has  become  more  considerable.  -Spinus 
had  also  found,  that  a  steel  needle  or  bar  may  be  powerfully 
magnetised  by  heating  them  to  a  red  heat,  and  allowing  them 
to  cool  between  the  two  contrary  poles  of  strongly  magnetised 
bars,  which  produce  the  same  effect  as  the  action  of  terrestrial 
magnetism. 

Mechanical  actions  have  the  same  influence  over  tlie 
coercitive  force  that  heat  has ;  and  therefore  it  is  that  they 
facilitate  magnetisation,  as  we  have  already  seen  by  numerous 
examples.  The  following  is  a  new  experiment  by  M.  de 
Haldat.     Unannealed  iron  wires,  about  4  in.  in  length  and 
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g^yth  in.  in  diameter,  had  been  placed  horizontally  Between 
two  bars,  the  contrary  poles  of  which  were  turned  toward  the 
end  of  the  wire,  but  at  a  distance  too  great  to  magnetise  them 
by  their  influence.  However,  as  soon  as  they  are  rubbed  in 
the  direction  of  the  poles  with  hard  bodies,  they  acquire  a 
decided  magnetic  polarity  under  this  influence. 

The  following,  on  the  other  hand,  is  a  case  in  which  me- 
chanical actions  bring  about  demagnetisation.  M.  de  Haldat 
succeeded,  by  moving  the  pole  of  a  magnet  over  steel  plates, 
and  even  over  plates  of  sheet  iron,  in  determining  in  them,  by 
magnetisation,  figures  that  became  visible  when  iron  filings 
are  spread  over  the  surface  of  the  plates  and  sheets,  and 
gentle  taps  are  given.  The  parcels  of  iron  accumulate  at  the 
limits  of  the  tracing,  leaving  bare  the  interval  which  marks 
its  thickness,  so  that  they  are  found  collected  together  upon 
the  lines  by  which  the  magnetised  parts  are  separated  firom 
those  that  are  not  magnetised.  The  magnetism  that  is  thus 
developed  by  simple  firiction,  or  rather  by  the  simple  approach 
of  a  bar,  remains  for  a  very  long  time.  To  make  it  disappear, 
we  have  merely  to  strike  the  plates  strongly  for  a  minute  or 
two  on  a  plank  with  a  small  wooden  mallet,  which  excites 
reiterated  and  violent  vibrations  among  them.  It  of  course 
follows,  that  the  same  effect  is  obtained  by  heating  the  plates ; 
we  have  merely  to  raise  their  temperature  to  straw  yellow.  If 
a  cartridge  made  of  very  fine  iron  filings  is  magnetised,  it 
will  preserve  its  magnetism  for  a  very  long  time;  but  it 
immediately  loses  it  when  the  particles  of  filings  are  agitated. 
This  last  experiment  would  seem  to  prove  that  magnetisation 
and  demagnetisation  should  be  connected  with  a  change  in 
the  relative  position  of  the  particles  of  the  magnetised  body, 
and  would  also  explain  the  effect  of  heat  and  of  mechanical 
action  that  would  facilitate  the  return  of  the  particles  to  their 
natural  position,  which  magnetisation  might  have  altered. 
The  coercitive  force,  in  this  manner  of  regarding  the  phe- 
nomenon, would  only  be  the  greater  or  less  resistance  of  the 
particles  to  a  modification  in  their  mutual  arrangement,  such 
as  constitutes  the  natural  structure  of  bodies.  We  shall  see, 
in  the  Third  Chapter,  in  which  we  shall  be  again  engaged  on 
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magnetisation^  that  facts  of  a  different  order  are  altogether 
fiEtvourable  to  this  opinion. 

Finally^  to  complete  the  theory^  we  ought  to  add  that  a 
magnet  may  be  constructed  by  following  the  principles  upon 
which  it  rests.  For  this  purpose,  we  have  merely  to  cut  a 
great  number  of  small  bits  of  very  soft  iron  wire,  and  then  to 
place  them  end  to  end  one  after  the  other :  by  presenting  the 
pole  of  a  magnet  to  one  of  the  extremities  of  the  series,  we 
see  all  the  fragments  of  which  it  is  composed  adhere  strongly 
to  each  other ;  and,  at  the  other  extremity,  there  arises  a  pole 
of  the  same  name  as  that  of  the  magnet  which  has  been 
brought  near.  In  a  word,  the  series  possesses  all  the  pro- 
perties of  a  true  magnet  But  as  soon  as  the  pole  which 
produced  this  effect  is  withdrawn,  every  trace  of  magnetism 
disappears,  and  the  small  fragments  detach  themselves  from 
each  other;  a  result  which  arises  from  the  absence  of  the 
coercitive  force  in  the  soft  iron,  and  because,  consequently, 
as  soon  as  the  cause  which  has  separated  them  is  no  longer 
there,  the  contrary  magnetisms  of  each  particle  mutually 
neutralise  each  other.  What  occurs  in  each  fragment  occurs 
in  like  manner  in  each  individual  particle  of  a  body  that  is 
magnetised. 

Some  philosophers  had  admitted  in  magnetism,  as  in  elec- 
tricity, the  hypothesis  of  a  single  fluid.  JBpinus,  in  sub- 
mitting it  to  calculation,  had  found,  that  in  order  to  be  in 
accordance  with  facts,  it  would  be  necessary  to  fulfil  the 
following  conditions :  — 

1st.  That  the  particles  of  the  one  magnetic  fluid  repel  each 
other  with  a  force  the  inverse  of  the  square  of  the  distance. 

2nd.  That  the  particles  of  this  fluid  attract  those  of  iron, 
and  are  themselves  attracted  by  them. 

3rd.  That  the  magnetic  fluid  can  move  in  the  pores  of  iron 
and  soft  steel  without  difflculty ;  and  that,  on  the  contrary, 
this  movement  surmounts  obstacles  in  hard  and  tempered 
steel. 

4th.  That  the  particles  of  iron  mutually  repel  each  other,  a 
condition  similar  to  that  to  which  a  single  fluid  in  electricity 
leads  in  respect  to  all  bodies,  and  which  is  irreconcilable  with 
tlie  ideas  that  are  admitted  of  the  constitution  of  matter. 
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On  the  different  Processes  of  Magnetisationy  and  on  the  Magnetic 
Power  in  general. 

The  considerations  into  which  we  have  entered,  and  the 
facts  that  we  have  studied,  enable  us  now  to  return,  with  a 
better  knowledge  of  the  cause,  to  an  important. point  at  which 
we  have  only  glanced ;  we  would  speak  of  magnetisation,  and 
of  the  influence  of  different  circumstances  upon  the  intensity 
of  the  magnetism  that  bodies  are  susceptible  of  acquiring. 

The  most  simple  process  of  magnetisation  consists  in  applying 
the  pole  of  a  magnet  to  the  extremity  of  the  needle  or  bar 
that  we  wish  to  magnetise.  The  first  particles  in  contact 
with  this  pole  have  their  natural  magnetism  decomposed ;  the 
south  magnetism  is  determined  toward  the  side  nearest  to  the 
north  pole  of  the  magnet,  and  the  north  magnetism  upon  the 
more  distant  side;  this  latter  magnetism  decomposes  in  its 
turn  the  natural  magnetism  of  the  subsequent  particles,  and 
so  on  to  the  most  distant  extremity  of  the  bar,  the  particles 
of  which  are  thus  found  to  be  possessed  only  of  a  magnetism 
similar  to  that  of  the  magnetising  pole. 

This  is  the  theory  of  the  process;  but  the  phenomenon 
does  not  always  occur  so  simply.  Dr.  Robison,  a  Scotch 
philosopher,  has  observed  that  when,  instead  of  soft  iron,  steel 
is  magnetised  by  this  means,  the  acquisition  of  the  magnetism 
is  gradual  and  progressive,  and  that  the  gradation  is  the  more 
sensible  as  the  steel  of  the  bar,  upon  which  we  operate,  is  the 
more  tempered.  Thus,  when  we  apply  the  north  pole  of  a 
magnet  to  the  extremity  of  a  hard  steel  bar,  the  extremity  in 
contact  immediately  acquires  a  south  pole,  and  the  other  is  at 
first  not  at  all  affected.  We  then  observe  a  north  pole  formed 
at  a  little  distance  from  the  south  pole ;  and,  after  the  latter, 
a  second  very  feeble  south  pole.  These  poles  advance 
gradually  along  the  bar :  at  the  extremity  most  distant  from 
the  contact  a  feeble  south  pole  appears,  and  it  is  only  after  a 
long  time  (if  it  ever  happens  at  all)  that  a  simple  and  vigorous 
north  pole  is  found  there.  More  frequently  this  north  pole 
remains  diffused  and  feeble;  and,  even  if  the  bar  is  very 
long,  it  frequently  happens  that  we  find  upon  it  a  succession 
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of  north  and  south  poles,  which  never  advance  sufficiently  to 
attain  to  its  extremity. 

By  means  of  a  proof-needle,  or  by  placing  upon  the  bar  a 
sheet  of  paper  powdered  with  iron  filings,  we  very  readily  per- 
ceive this  march  of  the  poles,  which  is  brought  about  more  or 
less  rapidly.  If  the  temper  of  the  bar  is  not  higher  than  that 
of  cutting  instruments,  and  the  bar  is  only  six  or  eight  inches 
long,  the  progress  of  the  magnetisation  is  arrested  at  the  end 
of  a  few  minutes.  When  the  bar  is  very  hard,  the  progress 
of  the  magnetisation  may  be  greatly  accelerated  by  striking  it 
with  sufficient  force  to  make  it  ring,  simply  with  a  key, 
especially  if  it  is  suspended  vertically.  But  it  is  rarely  that 
we  thus  obtain  a  uniform  magnetisation,  that  there  are 
formed  simply  two  poles,  and  that  these  poles  are  of  equal 
force:  that  which  is  formed  at  the  extremity  most  distant 
from  the  point  of  contact  is  in  general  diffiised,  and  con- 
sequently more  feeble.  In  order  to  magnetise  powerfully  by 
simple  contact,  it  is  necessary,  when  the  coercitive  force  is 
considerable,  to  place  the  bar  between  two  contrary  poles ; 
the  magnetisation  being  then  made  in  both  directions  at  the 
same  time,  which  concur  in  the  same  final  result,  the  operation 
is  more  speedily  accomplished,  and  more  perfect. 

A  second  process,  more  energetic  than  the  preceding  one, 
and  which  is  more  commonly  employed,  consists  in  moving 
the  piece  of  steel  that  we  desire  to  ms^netise  along  the  polo 
of  a  magnet :  we  have  already  given  the  theory  of  this.  The 
coercitive  force  is  more  easily  surmounted  in  this  operation,  in 
which  each  particle  of  the  rubbed  surface  is  subject,  in  its 
turn,  to  the  direct  influence  of  the  magnetism  of  the  pole. 
We  have  only  to  repeat  the  rubbing  several  times,  especially 
if  the  coercitive  force  is  great ;  but  we  must  take  care  that  it 
is  always  in  the  same  direction.  The  effect  of  this  reiteration 
of  rubbing  is  not  easy  to  comprehend.  In  fact,  if,  after  having 
magnetised  a  needle  by  a  first  operation,  we  bring  back  the 
pole  of  the  magnet  to  the  extremity  first  touched,  we  begin 
by  destroying  the  magnetism  which  has  just  been  given  to  it 
before  restoring  it  by  a  second  rubbing.  Each  molecule, 
therefore,  when  rubbed,  becomes  first  magnetised  in  a  direction 
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contrary  to  tliat  in  which  it  is  afterwards.  Why,  therefore, 
does  a  second  rubbing  increase  the  effect  of  the  first,  a  third 
that  of  the  second,  and  so  on,  to  a  certain  limit  ?  It  would 
appear  that  the  movement  impressed  alternately,  in  contrary 
directions,  upon  the  two  magnetisms  of  the  particles,  favours 
their  separation,  and  that  the  coercitive  force  yields  more  easily, 
after  having  already  been  several  times  surmounted,  than 
when  it  has  not  yet  been.  There  is  in  this,  as  it  were,  a  kind 
of  vibration  necessary  for  magnetisation,  and  the  intensity  of 
which  increases  with  the  number  of  rubbings.  We  may  in 
this  process  follow,  in  like  manner  as  in  the  former,  the  march 
of  the  magnetisation.  By  moving  along  a  bar  the  poles  of  a 
magnet,  the  line  of  whose  poles  is  perpendicular  to  the  axis 
of  the  bar,  we  perceive  that  there  appear  successively  at  the 
extremity  last  touched,  a  pole  of  the  same  name  and  a  pole 
of  the  contrary  name  to  that  which  is  moved  along,  and  the 
reverse  takes  place  at  the  extremity  first  touched.  The  in-* 
termediate  points  pass  through  very  variable  magnetic  states ; 
those  states  present  many  anomalies,  arising  probably  from 
differences  of  molecular  constitution  existing  between  the 
different  bars  submitted  to  experiment,  and  of  which  no  two 
are  ever  identical. 

When  we  desire  to  magnetise  very  powerfully  a  compass 
needle  or  plate,  of  a  thickness  not  exceeding  ^  of  an  inch, 
we  must  arrange,  at  the  two  extremities  of  the  needle  to  be 
magnetised,  two  powerful  magnets  so  that  they  may  act  by 
their  opposite  poles  upon  the  two  ends  of  this  needle.  The 
latter  is  placed  upon  the  magnet,  so  as  to  pass  about  an  inch 
over  its  extremities.  We  then  take  two  other  magnetised 
bars,  and  holding  them  each  in  one  hand,  we  touch  with  their 
opposite  poles  the  middle  of  the  needle ;  then,  inclining  them 
25**  or  30**,  they  are  made  to  slide,  under  this  inclination,  one 
towards  one  of  the  extremities,  and  the  other  towards  the 
other  extremity  of  the  needle.  They  are  then  brought  again 
to  the  middle,  to  go  through  the  same  operation  again,  which 
is  repeated  until  the  magnetisation  has  become  sufficiently 
powerful.  Care  must  be  taken  that  the  pole  of  each  bar 
that  touches  the  needle  is  the  same  as  that  of  the  fixed  magnet 
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towards  which  it  is  made  to  slide^  in  order  that  the  two  eiFects 
may  be  added  together.  This  process,  called  Duhamel's,  or 
separated  touch,  is  not  sufficient  when  the  plates  to  be  mag- 
netised have  great  thickness ;  we  must  then  employ  ^pinus's 
method,  called  double  touch.  It  differs  from  the  preceding 
only  in  that  the  two  bars  that  are  employed  for  magnetisation 
are  moved  along  together  and  not  separately,  setting  out  from 
the  middle  of  the  plate  to  be  magnetised.  They  are  made  to 
slide  first  upon  one  of  the  extremities,  and  are  then  returned 
along  the  whole  length  of  the  bar  to  the  other  extremity; 
these  frictions  are  continued  for  a  longer  or  shorter  time  by 
this  backward  and  forward  movement,  with  the  condition  of 
always  beginning  and  ending  at  the  middle,  and  taking  care 
to  stop  only  after  having  passed  the  same  number  of  times 
over  each  part  of  the  plate  to  be  magnetised. 

The  process  of  double  touch,  while  it  produces  a  stronger 
magnetisation,  and  precisely,  as  we  have  seen,  because  this 
magnetisation  is  too  strong,  and  thus  determines  a  reaction  of 
the  poles  upon  the  parts  of  the  magnet  that  are  near  to  them, 
possesses  the  inconvenience  of  frequently  giving  rise  to  conse- 
cutive points  when  the  plates  are  of  great  length,  and  of  giving 
poles  of  unequal  force.  It  would  be  better,  therefore,  to 
employ  Duhamel's  process  of  separated  touch,  when  operating 
upon  compass  needles  or  plates  intended  for  accurate  appa- 
ratus. This  process  is  superior,  even  in  this  respect,  to  the  two 
first  that  we  have  described.  In  fact,  the  presence  of  conse- 
cutive points  is  very  hurtful  to  the  sensibility  of  a  compass 
needle,  for  its  directive  force  is  then  only  the  difference 
existing  between  the  force  with  which  the  two  poles  that  are 
at  its  extremities  are  directed  by  the  earth,  and  that  with 
which  the  two  poles  respectively  opposed  to  these  on  the 
same  side,  but  nearer  to  the  centre,  are  determined  in  a  dif- 
ferent direction.  If  the  former  have  the  predominance  it  is 
because  they  are  in  general  the  stronger,  and  also  because 
they  act  witii  the  longer  arm  of  a  lever. 

We  have  explained,  in  a  very  summary  manner,  the  dif- 
ferent processes  of  magnetisation,  that  have  been  successively 
put  in  practice.    A  very  great  number  of  philosophers,  besides 
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those  we  have  named,  have  been  engaged  on  this  subject: 
Canton,  Mitchell,  Antheaume,  Savery,  have  all,  as  well  as 
Dohamel,  -^pinus,  Robison,  and  Coulomb,  that  we  have 
already  cited,  pointed  out  new  methods  for  perfecting  the 
old  ones.  As  we  are  here  not  giving  a  history  of  the 
science,  we  cannot  enter  into  the  details  of  these  methods  and 
improvements:  however,  we  must  say  one  word  upon  the 
labours  of  a  philosopher  who  is  particularly  celebrated  by 
the  attempts  which  he  made  to  obtain  the  most  powerful 
artificial  magnets  that  were  possible ;  it  is  Dr.  Knight,  who 
lived  in  the  last  century,  and  whose  researches  date  especially 
from  the  year  1766  and  the  following  years.  The  Royal 
Society  of  London  possess  a  magnet,  made  by  Dr.  Knight, 
and  which  is  confided  to  the  care  of  Mr.  Christie,  the  armature 
of  which  requires  a  weight  of  100  lbs.,  in  order  to  detach  it 
from  the  poles.  This  powerful  magnet 
is  composed  of  450  magnetised  bars; 
each  15  inches  long,  1  inch  wide,  and 
^  an  inch  thick;  they  are  fixed  in  a 
box  so  as  to  present  at  each  of  its  ex- 
tremities two  poles  {Fig.  79.),  which 
come  out  horizontally  to  a  length  of  six 
inches,  a  height  of  twelve,  and  a  width 
of  three.  This  magnet,  which  Dr.  Knight  had  taken  great 
pains  to  construct  and  to  maintain  in  a  good  condition,  he 
called  his  reservoir  of  magnetic  force :  it  was  formerly  much 
more  powerfiil  than  it  is  at  present ;  the  needle  of  a  compass 
that  touched  it  would  acquire  so  great  a  force  of  polarity  that 
it  would  be  in  a  condition  to  destroy  all  the  polarity  of  the 
best  compasses  in  England.  A  fire  that  occurred  in  the 
house  where  this  magnet  had  been  placed  after  the  death  of 
Dr.  Knight,  altered  its  force,  and,  notwithstanding  the  efforts 
that  have  been  made  to  restore  it  to  a  good  condition,  it  has 
never  recovered  its  primitive  vigour.  Dr.  Knight  also  suc- 
ceeded in  making  small  artificial  magnets,  which  could  carry 
as  much  as  a  hundred  times  their  own  weight  He  also  en- 
deavoured to  compose  magnetic  pastes,  susceptible  of  ac- 
quiring a  much  stronger  magnetism  than  steel.     According 
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to  Ingenhousz,  the  composition  that  gave  the  most  satisfactory^ 
results,  was  a  mixture  of  the  powder  of  a  natural  magnet, 
very  fine  powdered  charcoal,  and  linseed  oil,  which  had  been 
allowed  to  dry  slowly.  Experiments  made  by  Ingenhousz 
himself  proved  to  him  that  pastes,  into  the  composition  of 
which  the  powder  of  the  natural  magnet  entered,  were  very 
superior  to  those  prepared  with  the  powder  of  iron,  which  is 
evidently  due  to  the  natural  magnet  having  more  coercitive 
force  than  iron. 

It  has  never  been  properly  known  in  what  Dr.  Knight's 
processes  of  magnetisation  consisted.  It  is  probable  that  he 
possessed  no  processes,  properly  so  called,  but  that  by  trials, 
by  persevering  cares,  and  frequently-repeated  operations,  he 
succeeded,  in  course  of  time,  in  giving  to  his  magnets  the  ex- 
traordinary powers  that  have  rendered  them  celebrated. 

Whatever  be  the  process  of  magnetisation  that  is  employed, 
there  exists  for  each  bar  or  needle  a  limit  of  magnetic  force, 
beyond  which  we  cannot  pass  when  once  it  has  been  attained. 
We  can  very  readily  develope  momentarily  a  stronger  mag- 
netisation ;  but,  when  once  the  magnetisation  shall  have 
ceased,  the  magnetism  that  the  body  will  preserve  will 
diminish  until  it  has  arrived  at  this  limit,  which  is  termed 
the  point  of  saturatmu  Thus  a  needle  makes  100  oscillations 
in  60^';  we  magnetise  it  more  strongly,  it  makes  them  in  40''. 
At  the  end  of  a  month  or  two  it  still  makes  100  oscillations  in 
40''.  We  are  able,  by  employing  more  powerful  means  of 
magnetising  it,  to  cause  it  to  make  100  oscillations  in  30", 
but,  at  the  end  of  a  certain  time,  it  returns  to  making  but 
100  in  40".  It  is  evident  that  this  latter  number  indicates 
the  limit  of  the  intensity  that  it  is  susceptible  of  preserving : 
it  is  therefore  its  point  of  saturation — a  point  that  essentially 
depends  upon  the  coercitive  force  of  the  body  that  is  mag- 
netised. 

Bodies  that  have  been  magnetised  beyond  the  point  of 
saturation  do  not  return  to  it  immediately :  this  return  some- 
times does  not  occur  until  after  a  very  long  period ;  it  may 
be  influenced  by  many  exterior  causes,  the  change  of  tem- 
perature, the  neighbourhood  of  other  magnets,  the  action  of 
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the  earth,  &c.  Saturation  does  not  itself  occur  within  limits 
so  definite  as  might  have  heen  expected.  There  frequently 
occurs  in  the  magnet  a  reaction  of  the  north  and  south  fluids, 
which  augments  or  diminishes  the  magnetic  intensity.  To 
discover  whether  a  body  is  magnetised  to  saturation,  we  have 
merely  to  magnetise  it  in  the  same  direction  with  more 
powerful  bars  than  those  with  which  it  had  been  at  first 
magnetised.  If  its  magnetism  increases  but  feebly,  and  if  this 
increase  disappears  with  time,  we  may  be  sure  of  having  at- 
tained the  point  of  saturation  by  the  first  operation. 

An  important  precaution  is  never  to  re-magnetise  a  body 
with  bars  more  feeble  than  those  which  were  at  first  em- 
ployed to  magnetise  it  Not  only  do  we  add  nothing  to  its 
force ;  but  we  on  the  contrary  diminish  it,  by  bringing  back 
its  magnetism  to  that  which  would  have  been  imparted  to  it 
by  the  bars  last  employed,  had  they  alone  acted  upon  it  at 
first.  This  result  is  produced  because  the  bars,  that  are  made 
to  slide  along,  magnetise  it  only  by  recomposing  at  first,  and 
then  decomposing  the  magnetism  of  each  of  the  particles  of 
the  magnetised  body  upon  which  they  are  made  to  pass. 

The  action  of  the  earth  may  in  like  manner  diminish  the 
magnetism  of  bars  magnetised  to  saturation,  when  they  are 
struck  while  placed  in  certain  positions.  Dr.  Scoresby  has 
made  a  great  number  of  curious  experiments  upon  this  subject, 
from  which  it  follows  that  the  earth  always  acts  like  a 
powerful  magnet,  the  influence  of  which  may  counteract  or 
reinforce  the  magnetism  already  acquired,  according  to  the 
manner  in  which  the  body  is  placed.  The  same  philosopher 
has  also  succeeded  in  magnetising  steel  bars  to  saturation, 
simply  by  the  action  of  terrestrial  magnetism.  With  this 
view  he  took  two  steel  bars,  30  inches  long  and  1  inch  wide, 
and  then  six  others  8  inches  long  and  |  an  inch  wide.  A 
large  iron  bar  was  struck  in  a  vertical  position,  thus  being 
magnetised  by  this  percussion:  it  was  immediately  placed, 
without  its  direction  being  changed,  upon  each  of  the  large 
steel  bars,  which  were  at  the  same  time  struck.  Each  of  the 
small  bars  was  then  placed  also  vertically  on  the  summit  of 
one  of  the  large  bars,  and  successively  struck :   in  a  few 
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moments  they  had  acquired  a  great  power  of  suspension. 
Finally,  the  six  small  bars  were  then  successively  united,  two 
and  two,  by  their  opposite  poles  by  means  of  small  bars  of  soft 
iron,  and  were  rubbed  with  the  others  according  to  the  process 
of  double  touch,  and  at  the  end  of  these  operations  it  was 
found  that  they  were  magnetised  to  saturation* 

Form  is  another  circumstance  that  notably  influences  the 
intensity  of  magnetism  that  a  body  is  susceptible  of  ac- 
quiring. Coulomb  having  cut  from  the  same  plate  of  steel, 
needles  which  he  tempered  in  the  same  manner  and  then 
magnetised  to  saturation,  found  that,  for  the  same  thickness 
and  the  same  weight,  the  form  of  an  arrow  is  superior  to  the 
rectangular  form.  With  regard  to  the  degree  of  temper,  he 
found  that  it  is  not  the  highest  that  determines  the  greatest 
amount  of  magnetism ;  but  that  this  maximum  is  attained 
when  the  steel  has  been  tempered  to  dull  red. 

When  compass  needles  are  not  in  question,  but  magnets 
which  we  are  endeavouring  to  procure  as  powerful  as  possible, 
the  form  of  parallelopipedons  is  given  to  them,  which  con- 
stitutes magnetic  bars,  or  the  form  of  a  horse-shoe.  In  both 
cases,  but  especially  the  latter,  tlie  magnet  is  not  com- 
posed of  a  single  piece,  but  of  several  similar  ones  which  are 
superposed  upon  each  other,  care  being  taken  that  the  ex- 
tremities, which  are  placed  on  each  other,  have  the  same 
magnetic  poles.  Most  commonly,  slightly  different  lengths 
are  given  to  these  superposed  plates,  so  that  their  ends  recede 
from  each  other,  and  the  magnet  terminates  in  steps. 

In  order  to  preserve  the  magnetism  in  the  bars,  care  is 
taken  to  provide  them  with  keepers  or  armatures.  These  are 
pieces  of  soft  iron  placed  in  contact  with  the  poles  of  the 
magnets,  to  maintain  their  activity  by  means  of  the  contrary 
poles  produced  in  them  by  the  magnetism  of  the  magnets 
themselves.  When  it  is  a  horse-shoe  magnet,  a  single  prism 
of  soft  iron  is  sufficient  for  uniting  the  two  poles ;  when  they 
are  bars,  two  are  generally  placed  in  the  same  box,  being 
arranged  parallel  and  at  a  slight  distance  apart,  care  being 
taken  to  place  the  contrary  poles  opposite  to  each  other,  and 
upon  the  two  extremities  two  small  prisms  of  soft  iron  are 
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placed  across  {Fig,  80.).     These  pieces  of  iron,  both  in  this 
case  and  the  preceding  one,  become  magnets;   they  react 


Fiff,  80. 

upon  the  bars,  and  maintain  in  them  the  separation  of  the 
magnetisms  which,  but  for  this  precaution,  would  finish  gra- 
dually by  combining  in  a  great  degree,  and  so  recomposing 
the  neutral  fluid.  In  compass  needles,  terrestrial  magnetism 
performs  the  office  of  an  armature  by  maintaining  by  its 
power  the  separation  of  the  two  magnetisms. 

The  armatures  of  horse-shoe  magnets  generally  carry  a 
scale-pan  in  which  weights  are  placed,  care  being  taken  never 
to  exceed  the  limit  of  what  the  armature  can  carry  without 
being  detached.  These  weights,  which  may  be  gradually 
increased,  retain  the  power  of  the  magnet,  and  even  tend  to 
increase  it,  providing  that  the  access  of  weight  never  becomes 
such  that  the  armature  is  detached.  In  this  case,  the  magnet 
suddenly  loses  a  great  portion  of  its  power,  and  it  cannot 
recover  it  except  by  a  fresh,  slow,  and  gradual  increase  of  the 
weight  that  its  keeper  can  carry. 

An  interesting  question,  which  was  first  studied  by  Cou- 
lomb, and  afterwards  by  Nobili,  is  to  know  what  the  magnetic 
condition  is  of  each  of  the  plates,  or  of  each  of  the  wires, 
whose  union  forms  what  is  termed  a  magnetic  bundle.  This 
determination  seems  to  be  able  to  lead  to  the  knowledge  of 
the  magnetic  state  of  the  interior  strata  of  a  magnetised 
needle  or  bar.  Coulomb  found,  by  means  of  the  balance,  that 
the  plates  which  formed  the  two  exterior  surfaces  had  a 
much  greater  magnetic  force  than  the  others.  He  also  found 
some  in  the  interior  that  had  their  poles  inverted.  M.  No- 
bili, by  emplojong  the  method  of  oscillations,  succeeded  in 
determining  very  exactly  the  magnetic  state  of  each  of  the 
very  fine  needles,  of  the  same  length,  which,  to  the  number 
of  fifty,  formed  a  bundle   that   had  been  powerfully  mag- 
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netised.  He  found,  after  he  had  undone  the  parcel,  that  all  the 
needles  were  magnetised  in  the  same  direction :  he  then  made 
up  the  hundle  again,  maintaining  the  contact  of  the  needles  as 
perfect  as  possible. 

Having  untied  the  packet  two  hours  afterwards,  he  found 
that  several  of  the  needles  had  acquired  a  contrary  mag- 
netism. Having  made  the  same  experiment  with  another 
packet,  and  having  undone  it  half  an  hour  after  magnetising 
it,  he  found  that  a  certain  number  of  the  needles  had  lost  all 
their  magnetism.  It  follows  from  these  facts  that  the 
strongest  needles  demagnetise  the  more  feeble,  and  even  im- 
part to  them  a  contrary  magnetism ;  and  that  if,  in  the  outset, 
they  had  received  the  same  degree  of  magnetisation,  the 
magnetic  force  would  be  very  speedily  extinguished  in  the 
whole  system. 

These  experiments  led  M.  Nobili  to  conclude  that  wc 
must  not  consider,  as  we  have  done  hitherto,  a  magnetic  bai* 
as  formed  of  a  bundle  of  filaments  of  the  same  length,  mag- 
netised to  the  same  degree,  and  all  in  the  same  direction ;  for 
then  the  whole  system  would  be  very  speedily  demagnetised. 
He  supposes  that  the  interior  of  the  bar  is  divided  into  con- 
centric layers,  the  magnetism  of  which  diminishes  rapidly 
from  without  inwards;  and  that  the  conservative  condition 
of  magnetisation  does  not  depend  upon  the  coercitive  force, 
such  as  we  understand  it,  but  on  the  mode  itself  of  the  dis- 
tribution of  the  magnetism  in  magnets. 

In  this  way  of  viewing  it,  tempering  acts  by  determining 
in  the  mass  such  a  state,  that  the  exterior  molecules,  being 
cooled  more  rapidly  than  those  of  the  interior,  approach  more 
closely  than  the  latter  are  able  to  do.  It  follows  from  this, 
that  tempered  steel  possesses  a  crust,  the  density  and  the 
other  properties  of  which  differ  from  those  of  the  internal 
strata.  In  particular,  the  magnetism  is  better  preserved  in 
it;  and  on  that  account  it  is  that  magnetised  steel  remains 
more  strongly  magnetic.  It  is  for  the  same  reason  that  soft 
iron,  when  it  has  been  beaten  under  the  hammer,  or  has  been 
passed  through  the  draw-plate,  acquires  the  property  of  pre- 
serving a  small  amount  of  magnetism.     Th«  exterior  parts 
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having  been  rendered  more  compact  than  those  of  the  in- 
terior, there  arises  an  unequal  distribution  of  the  magnetism, 
which  is  found  in  greater  quantity  on  the  exterior  than  on 
the  interior.  This  also  causes  small  bars  to  take  propor- 
tionallj  more  magnetism  than  large  ones,  their  surface,  in  pro- 
portion to  their  volume,  being  more  considerable.  The 
following  new  experiment  by  Mr.  Nobili  is  entirely  in  sup- 
port of  his  opinion.  This  philosopher  constructed,  with  the 
same  steel,  two  cylinders  of  the  same  length  and  the  same 
diameters  ;  the  one  solid,  which  weighed  432^  grs.  Troy,  the 
other  hollow,  which  weighed  only  247  grs.  Troy.  These 
two  cylinders  were  tempered  in  the  same  manner,  and  each 
magnetised  to  saturation.  Placed  at  the  same  distance  from 
a  compass  needle,  the  solid  one  gave  a  deviation  of  9^**,  and 
the  hollow  one  a  deviation  of  19**.  The  difference  is  very 
great  in  favour  of  the  hollow  cylinder,  although  its  mass  was 
almost  one  half  less  than  the  solid  one.  This  arises  from  the 
hollow  cylinder  being  tempered  without  and  within,  and 
then  being  covered  on  both  sides  with  this  crust  that  pre- 
serves the  magnetism :  whilst  the  solid  one  possesses  it  only 
on  its  exterior  surface. 

All  the  facts  relating  to  magnetisation  are  still  enveloped, 
as  we  perceive,  in  very  great  obscurity.  One  very  evident 
principle,  however,  is  derived  from  them  all,  and  which  we 
have  already  pointed  out;  it  is  the  connection  which  they 
establish  between  magnetism  and  the  molecular  properties  of 
bodies.  As  we  have  said,  we  shall  see,  in  the  sequel,  when 
we  are  considering  magnetisation  by  electric  currents,  some 
fresh  proofs  in  favour  of  this  principle;  we  may  possibly 
then  be  able  to  determine,  in  a  more  precise  manner,  what 
the  nature  is  of  the  relation  in  question. 

We  shall  say  nothing  here  upon  the  experiments  of  certain 
philosophers,  and  especially  those  of  Mr.  Barlow,  on  the  mag- 
netisation of  bodies  of  various  forms,  such  as  rings  and  spheres ; 
and  of  the  action  that  they  exercise  upon  the  magnetised  needle, 
when  they  are  of  soft  iron  and  not  magnetised  previously,  or 
merely  subjected  to  the  magnetising  action  of  the  terrestrial 
globe.     These  effects  obey  laws  which  are  remarkable  for 
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their  simplicity  and  their  regularity.  So  also  have  they  been 
made  easily  the  subjects  of  calculation^  and  they  have  been 
employed  by  M.  Poisson  in  his  theoretical  researches  upon 
magnetism.  We  shall  confine  ourselves  to  pointing  out  a 
single  fact,  which,  from  its  connection  with  those  that  have 
gone  before,  appears  to  us  very  important  It  is,  that  the 
magnetic  power  exercised  by  soft  iron  spheres  resides  entirely 
upon  their  surface,  and  is  completely  independent  of  their 
mass ;  so  that  the  effect  exercised  by  cannon-balls  upon  the 
magnetised  needle  is  exactly  the  same,  whether  they  are 
solid  or  hollow.  However,  this  law  has  limits.  Mr.  Barlow 
has  recognised  that  the  metal  envelope  must  have  at  least  a 
thickness  of  -^j^  in.,  in  order  to  act  as  if  the  sphere  were 
solid. 

The  processes  of  magnetisation  have  lately  been  still 
further  improved  in  a  remarkable  manner,  so  that  permanent 
magnets  can  be  obtained  of  extraordinary  power;  but  the 
processes  that  are  employed  are  not  known.  We  shall  have 
occasion,  further  on,  when  occupied  with  the  magnetism 
produced  by  dynamic  electricity,  to  speak  of  the  principle 
upon  which  probably  they  depend. 
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CHAR  II. 

MUTUAL   ACTION  OP   MAGNETISM  AND  DTNAMIC   ELECTRICITY;    AND 
OP   ELECTRIC   CURRENTS   UPON   EACH   OTHER. 

Mutual  Action  of  Magnetism  and  Electric  Currents, 

Fob  a  long  time  philosophers  were  stnick  with  the  analogy 
that  seemed  to  exist  between  electric  and  magnetic  phenomena. 
Two  magnetisms^  as  there  are  two  electricities;  attraction 
and  repulsion  exercised  between  the  contrary  magnetisms  as 
between  the  electricities^  according  to  similar  laws;  these 
are  indeed  points  of  resemblance  between  the  two  classes  of 
phenomena.  However,  it  was  in  vain  that  attempts  were 
made  to  establish  experimentally  a  more  intimate  relation 
between  them.  In  1805,  MM.  Hachette  and  Desormes  had 
endeavonred,  without  success,  by  means  of  terrestrial  mag- 
netism, to  give  direction  to  an  insulated  voltaic  pile,  having 
consequently  its  two  poles  equally  strong,  and  fireely  suspended : 
their  attempts  were  fruitless. 

It  was  not  until  1820  that  a  Danish  philosopher,  M. 
Oersted,  succeeded  in  discovering  the  relation,  that  had  so 
long  been  sought  after,  between  magnetism  and  electricity ; 
but  it  was  not  where  it  had  been  constantly  thought  to  exist 
that  he  discovered  it  Electricity  acts  upon  a  magnet ;  and 
a  magnet  in  its  turn  acts  upon  electricity ;  but  only  when  the 
electricity  is  in  motion,  that  is  to  say,  in  the  condition  that 
we  have  termed  dynamic :  there  is  no  action  when  the  electri- 
city is  in  the  static  or  tension  state. 
'  The  following  is  Oersted's  fundamental  experiment :  — 

The  two  poles  of  a  pile  are  united  by  a  metal  wire,  called 
a  conjunctive  wire.  This  wire  is  placed  either  above  or  below 
a  magnetised  needle,  freely  suspended,  and  parallel  to  its 
direction.      The   needle   is    immediately   seen   to    suffisr   a 
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deviation,  which  is  the  more  considerable  as  the  voltaic  pile 
is  more  powerful ;  and  it  tends  to  place  itself  perpendicularly 
to  the  conjimctive  wire,  a  position  which  it  succeeds  in 
attaining  when  the  electricity  developed  by  the  pile  is  very 
strong.  The  direction  in  which  the  deviation  occurs  depends 
upon  two  circumstances :  the  first  circumstance  is  the  position 
of  the  conjunctive  wire  in  relation  to  the  magnetised  needle, — 
it  may  be  above  or  below ;  the  second  is  the  communication 
of  each  of  the  two  extremities  of  the  conjunctive  wire  with 
either  pole  of  the  pile.  Thus  if,  the  conjunctive  wire  being 
below  the  needle,  the  positive  pole  of  the  pile  communicates 
with  the  extremity  of  the  wire  that  is  on  the  south  side,  and 
the  negative  pole  with  that  which  is  on  the  north  side,  the 
north  pole  of  the  magnetised  needle  deviates  to  the  east ;  it 
deviates  to  the  west,  if  we  change  the  place  of  the  poles  of  the 
pile.  But  if  the  conjunctive  wire  is  above  the  needle  instead 
of  being  below,  the  deviation  occurs  in  the  contrary  direction, 
that  is  to  say,  the  north  pole  of  the  needle  deviates  to  the 
west  when  the  positive  pole  is  at  the  south  extremity  of  the 
conjunctive  wire  and  the  negative  pole  at  the  north  extremity, 
and  to  the  east  when  the  place  of  the  poles  of  the  pile  is 
inverted. 

If  the  conjunctive  wire  is  not  placed  parallel  to  the  needle, 
but  in  such  a  manner  that  its  direction  forms  with  that  of  the 
needle,  either  above  or  below  it,  a  greater  or  less  angle,  the 
action  is  still  the  same ;  the  needle  in  like  manner  manifests 
its  tendency  to  place  itself  across  or  perpendicular  to  the  wire, 
a  tendency  which  it  obeys  entirely,  when  the  force  of  the  pile 
is  sufficient  to  surmount  the  resistance  to  deviation,  arising 
from  the  directive  force  of  the  earth.  We  must  only  observe 
that  in  this  case,  as  in  the  preceding  one,  when  the  needle 
places  itself  across,  in  relation  to  the  conjunctive  wire,  its 
north  pole  is  not  carried  indifferently  to  the  east  or  the  westT 
but  that .  the  direction,  according  to  which  the  deviation 
occurs,  is  subjected  to  the  laws  that  regulate  the  primitive 
case, — that  case  in  which  the  conjunctive  wire  is  placed 
parallel  to  the  direction  of  the  magnetic  needle. 

M.  Ampfere  was  not  long  in  taking  up  this  experiment,  and 
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deducing  from  it  many  theoretical  and  experimental  con-  .  1 
sequences  of  the  highest  interest,  which,  under  the  name  of  i  I 
electro^ynamicsy  have  formed  an  entirely  new  part  of  physics. 
He  first  observed  that  the  action  discovered  by  Oersted  not 
only  took  place  in  the  vicinity  of  the  conjunctive  wire,  but 
that  it  was  in  like  manner  exercised  by  all  parts  of  the 
conductor  by  which  the  two  poles  of  a  pile  are  united,  and 
by  the  pile  itself;  but  only  when  its  poles  communicate 
together,  and  not  when  they  are  insulated.  He  further 
remarked  that  the  direction  in  which  the  needle  is  deviated 
varies  according  as  it  is  placed  upon  the  pile  or  upon  the 
conjunctive  wire.  This  may  easily  be  verified  by  placing  a 
pile  in  the  direction  of  the  magnetic  meridian  with  a  magnetic 
needle  above  it,  and  as  near  as  possible ;  and  a  conjunctive 
wire  parallel  to  the  pile,  with  a  second  needle,  also  above  the 
wire.  The  pile  and  the  wire  must  be  sufficiently  distant 
firom  each  other  that  the  two  magnetised  needles  may  not 
exercise  any  mutual  influence  upon  each  other;  it  is  also 
necessary  that  the  pile  contain  no  iron  in  its  construction ; 
Wollaston's  copper  trough  pile,  or  one  of  Darnell's  constant 
piles,  ftdfil  this  condition  well.  At  the  moment  when  the 
extremities  of  the  conjunctive  wire  are  placed  in  communi- 
cation with  the  conductors  coming  from  the  poles  of  the  pile, 
the  two  magnetised  needles  are  immediately  seen  to  deviate, 
but  in  a  contrary  direction  to  each  other.  It  would  be  the 
same  if  the  needles  were  placed  upon  any  two  parallel  portions 
of  the  conductors,  by  which  the  poles  of  the  pile  are  united. 
If  they  are  placed  below,  instead  of  above,  the  same  phe- 
nomenon is  observed ;  only  the  two  deviations  each  occur  in 
a  contrary  direction  to  that  in  which  they  formerly  occurred ; 
and  always  consequently  in  a  direction  the  inverse  to  each 
other. 

Amp^e  drew  some  important  conclusions  &om  this  ex- 
periment:— 

The  first  is  that  the  force,  whatever  it  may  be,  that  acts 
upon  the  magnetised  needle  emanates  equally  firom  all  parts 
of  a  voltaic  circuity  designating  by  these  words  the  pile  and 
the  whole  of  the  conductors,  whatever  they  may  be,  by  which 
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the  poles  are  connectecL  The  deviation  occurs  in  the  vicinity 
of  a  liquid  conductor,  as  well  as  in  that  of  a  solid  one ;  the 
only  necessary  condition  is,  that  the  current  be  transmitted 
through  the  conductor,  that  is  to  say,  that  the  neutralisation 
of  the  two  electricities  may  be  brought  about  in  a  continuous 
manner.  There  results  from  this  a  very  great  difference 
between  the  kind  of  action  that  dynamic  electricity  exercises 
upon  a  magnetised  needle,  and  the  calorific,  luminous,  or 
chemical  phenomena  that  it  produces.  The  former  are  general, 
that  is  to  say,  independent  of  the  nature  of  the  conductor ; 
the  latter,  on  the  contrary,  depending  upon  the  nature  of  the 
conductors  by  which  the  poles  are  united,  occur  only  in  certain 
determinate  parts  of  the  circuit,  and  may  even  not  occur 
at  alL 

The  second  conclusion  is,  that  the  force  in  question  is 
circulating ;  for  how  can  we  otherwise  explain  why  it  acts  in 
contrary  directions  when  it  emanates  from  the  two  opposite 
or  parallel  portions  of  the  circuit,  this  opposition  being  the 
only  circumstance  that  establishes  a  difference  in  the  con- 
ditions of  the  experiment  We  may  compare  its  action  with 
that  which  a  current  of  water  would  exercise,  if  circulating 
in  an  annular  canal :  in  this  case  small  light  bodies,  floating 
on  the  water,  would  be  drawn  onward  by  two  parallel  or 
opposite  portions  of  the  current  of  water.  This  analogy  has 
led  to  the  name  of  electric  cwrreni  being  applied  to  the  force 
that  arises  in  the  whole  of  the  circuit,  from  the  reunion  of  the 
two  poles  of  a  pile  by  a  conductor.  The  electric  current  is 
the  representative  of  the  continued  dynamic  state  of  electricity. 
Ampfere  supposed  by  conventional  terms  that  have  been 
admitted,  that  this  current  had  a  direction^ — that  it  comes  from 
the  positive  pole  to  traverse  the  conductor  and  arrive  at  the 
negative  pole,  and  returns  through  the  pile  to  the  positive 
pole,  its  point  of  departure.  It  is  easy  to  see,  in  fact,  by 
pointing  out  its  direction  by  means  of  arrows,  that,  by  re- 
garding it  in  this  way,  it  is  found  to  have  a  different  direction 
in  the  two  parallel  portions  of  the  same  circuit ;  for  example, 
in  the  pile  itself,  and  in  the  part  of  the  conductor  that  is 
parallel  to  it  {Fig.  81.).     However,  nothing  proves  that  this 
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direction  is  the  true  direction  of  the  current,  or  even  that  the 
movement  of  the  electricity  is  brought  »bout  under  the  form 


Fig.  81. 

of  a  current ;  it  is,  we  repeat,  only  a  conventional  mode,  a 
convenient  manner  of  representing  a  phenomenon,  and  which 
enables  us  easily  to  fall  back  upon  the  fact  itself,  abstraction 
being  made  of  all  theoretical  ideas.  In  fact,  to  say  that  the 
current  goes  from  a  to  B  in  a  conductor,  is  to  say  in  a  few 
words  that  the  extremity  a  of  a  conductor  is  that  by  which 
the  positive  electricity  arrives,  and  the  extremity  B  that  by 
which  the  negative  electricity  arrives. 

This  conventional  form  being  once  admitted,  we  may  with 
Amp^e  represent  the  action  of  a  current  upon  a  magnetised 
needle  under  a  form  very  convenient  for  the  memory.  We 
have  only  to  conceive  a  man  lying  down  in  the  portion  of  the 
circuit  under  consideration,  in  such  a  maimer  that  the  current 
enters  by  his  feet,  and  goes  out  consequently  by  his  head : 
furthermore,  we  have  but  to  conceive  that  this  man  has 
always  his  face  turned  towards  the  needle,  so  as  to  look  at  it ; 
then  the  action  is  always  found  to  be  such  that  the  north  pole 
of  the  needle  is  deviated  to  the  left  of  this  man.  It  is  easy 
to  see  that  this  kind  of  formula  comprehends  all  possible 
cases. 

The  force  that  emanates  from  an  electric  current  acts  upon 
the  magnetised  needle  as  well  in  vacuo  as  in  the  air,  and 
through  all  substances  except  those  that  are  magnetic,  such 
as  iron.     We  may  likewise  prove  that  it  diminishes  in  inten- 
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sity  in  proportion  as  the  distance  between  the  current  and 
the  needle  increases. 

MM.  Biot  and  Savart,  very  shortly  after  Oersted's  dis- 
covery, determined  also  the  law  which  this  diminution  fol- 
lows. With  this  view,  they  took  a  very  short  magnetised 
needle ;  they  suspended  it  delicately,  by  means  of  a  filament 
from  the  cocoon,  and  rendered  it  indifferent  to  terrestrial 
magnetism,  by  placing  a  magnetised  bar  near  to  it,  and  at 
a  proper  distance.  This  needle  has  thus  no  directive  force, 
and  is  ready  to  obey  all  exterior  action.  MM.  Biot  and 
Savart  then  acted  upon  it  by  a  current  transmitted  through 
a  copper  wire  six  or  eight  feet  in  length,  stretched  vertically, 
and  so  arranged  that  the  horizontal  plane  passing  through  the 
needle  is  divided  into  two  equal  parts.  The  needle,  as  soon  as 
the  current  acts  upon  it,  places  itself  transversely  or  across,  in 
respect  to  the  conducting-wire,  according  to  the  law  that  we 
have  already  enunciated ;  when  removed  from  this  position, 
it  returns  to  it  by  isochronous  oscillations,  of  a  duration 
variable  with  the  intensity  of  the  force.  Now,  the  energy  of 
the  current  remaining  constant,  this  intensity  can  only  de- 
pend upon  the  distance  by  which  it  is  separated  from  the 
needle.  The  experiments  made  this  distance  vary  from  ^  in. 
to  4|  in,,  taking  the  necessary  precautions  that,  during  the 
continuance  of  the  experiment,  the  current  should  remain 
very  constant ;  and  they  found  that  tfie  intensity  of  the  electro^ 
magnetic  force  is  in  inverse  ratio  to  the  simple  distance  of  the 
magnetised  needle  from  the  current.  This  law  is  true  only  so 
long  as  the  current  is  rectilinear,  and  sufficiently  long  that  it 
may  be  regarded  as  infinite  in  respect  to  the  needle;  or, 
which  comes  to  the  same  thing,  that  the  points  that  would  be 
situated  beyond  cannot,  on  accoimt  of  their  distance,  exercise 
any  sensible  action  upon  the  needle.  It  is  easy  to  de- 
monstrate, by  a  simple  calculation,  that  the  law  we  have  just 
discovered,  within  the  limits  of  the  conditions  pointed  out,  is 
the  consequence  of  another  more  general  law,  which  may  be 
proved  directly,  but  of  which  this,  that  is  derived  from  it,  is 
the  proof,  namely :  that  the  elementary  auction  of  a  simple  pointy 
or  of  a  simple  section^  of  the  current  upon  the  needle  is  in  inverse 
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ratio  to  the  square  of  the  distance.  We  may  also  prove  that 
this  action  is  proportional  to  the  sine  of  the  angle  formed  by 
the  direction  of  the  current  and  by  the  line  drawn  through 
the  section  of  the  current  that  is  considered  to  be  in  the 
middle  of  the  magnet.  In  fact^  by  calculating  according  to 
these  two  principles  the  sum  of  all  the  elementary  actions 
that  are  exercised  upon  a  small  needle  by  an  indefinite  elec- 
tric current^  we  find  that  the  intensity  of  this  resultant  must 
be^  as  ezperiment  points  out,  the  inverse  of  the  simple  dis- 
tance. It  further  follows  that,  if  the  indefinite  current  is 
angular,  that  is  to  say,  if  it  is  composed  of  two  directions, 
forming  an  angle,  the  summit  of  which  is  upon  the  horizontal 
plane  passing  through  the  needle,  the  intensity  of  this  current 
is  also  the  inverse  of  the  simple  distance ;  but,  moreover,  it 
is  proportional  to  the  tangent  of  the  half  of  the  angle.* 

After  having  analysed,  as  we  have  seen,  the  nature  of  the 
current  upon  a  needle,  M.  Amp^e  showed  that  a  fixed 
magnet  acts  upon  a  movable  current  in  the  same  maimer  as  a 
fixed  current  acts  upon  the  magnetised  needle.  In  order  to 
obtain  a  movable  current,  he  contrived  to  bend  a  copper  or 
brass  wire  into  the  form  of  a  circle  or  a  rectangle,  bringing 
back  its  two  extremities  near  to  each  other,  without,  however^ 
their  being  in  contact ;  he  terminated  them  by  steel  or  brass 
points  placed  on  the  same  vertical,  and  one  of  which,  resting 
on  the  bottom  of  a  metal  capsule  filled  with  mercury,  sup- 
ported the  whole  of  the  movable  conductor,  whilst  the  other, 
either  above  or  below,  merely  plunged  into  the  mercury  of 
a'  similar  capsule,  without  touching  the  bottom,  so  as  not  to 
interfere  with  the  mobility.  The  two  capsules  are  each  sup* 
ported  by  a  solid  conductor  in  the  form  of  a  gibbet ;  one  of 
these  conductors  enveloping  the  other,  or  being  very  near  to 
it,  but  without  touching  it  One  of  the  poles  of  the  battery 
is  made  to  communicate  with  the  lower  extremity  of  one  of 
the  fixed  conductors,  and  the  other  pole  with  the  corre- 
sponding extremity  of  the  other  similar  conductor.!      The 

*  For  the  mathematical  developmenta,  see  the  final  note  E. 

f  This  communication  maj  he  establifihed  either  by  simple  contact,  or  by  means 
of  metal  pincers ;  or,  which  is  more  convenient,  by  means  of  two  grooves  or 
cavities  filled  with  mercury,  into  which  the  extremities  of  the  conductors  and  of 
the  poles  of  the  pile  are  plunged. 
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Fig,  82. 

contrary   directions. 


current  is  thus  established  in  the  movable  part,  which,  by 

means  of  the  capsules  filled  with 
mercury,  serves  to  complete  the 
circuit  {Fig,  82.).  It  is  necessary 
that  the  fixed  conductors  be  suffi- 
ciently distant  firom  the  movable 
conductors,  in  order  that  in  their 
different  positions,  the  sides  of  these 
latter  may  not  be  influenced  by  the 
currents  that  are  traversing  the 
former.  Moreover,  the  latter  being 
very  close  together,  and  traversed 
by  equal  currents  determined  in 
their  effects  upon  the  movable  con- 
ductor are  mutually  neutralised. 

By  placing  a  magnetised  bar  below  and  very  near  to  the 
lower  part  of  the  movable  current,  and  parallel  to  this 
current,  we  see  the  latter  move  and  place  itself  transversely 
to  the  magnet,  but  always  so  as  to  be  directed  in  the  part 
upon  which  the  magnet  is  acting,  as  it  would  be  according  to 
the  formula  we  have  established  above,  in  the  case  of  the 
fixed  current  and  the  movable  magnet.  In  other  words,  it  is 
necessary  that  the  man  who  is  supposed  to  be  lying  in  the 
current,  his  feet  turned  upon  the  side  by  which  the  latter 
arrives,  and  looking  at  the  magnet,  which  is  here  below  it, 
should  always  have  the  north  pole  of  this  magnet  on  his  left 
hand.  If,  when  the  movable  conductor  has  assumed  this 
position,  the  direction  of  the  current  is  changed  by  changing 
the  place  of  the  two  poles  of  the  pile,  we  immediately  see  the 
conductor  set  in  motion,  and  describe  180%  in  order  to  take  a 
position  similar  to  that  which  it  occupied ;  having  then  the 
current  determined  in  the  suitable  direction.  The  same 
movement  is  effected  if,  instead  of  changing  the  direction  of 
the  current,  we  turn  the  fixed  magnet  round,  so  as  to  place 
its  north  pole  where  its  south  pole  had  been,  and  reciprocally. 
M.  Ampere  was  not  long  in  discovering,  by  making  use  of 
a  powerful  current,  and  a  movable  conductor  always  rectan- 
gular or  circular,  but  of  a  diameter  of  15  or  20  inches  at 
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leasts  that  terrestrial  magnetism  acts  upon  the  current  as  a 
magnet  would  act  if  placed  below  it  in  the  direction  of  the 
compass  needle^  but  haying  its  south  pole  turned  towards  the 
north,  and  its  north  pole  turned  towards  the  south.  The 
movable  current  places  itself,  in  fact,  imder  the  influence  of 
the  terrestrial  globe,  transversely  or  perpendicularly  to  the 
magnetic  meridian,  and  so  as  to  be  directed  from  east  to 
west  in  its  lower  part,  which  causes  the  man  who  is  lying 
in  the  current,  with  his  feet  to  the  east,  and  his  head  to  the 
west,  and  his  face  turned  towards  the  earth,  to  have  the 
south  of  the  earth  on  his  left.  Now,  if  it  were  a  magnet  that 
was  acting,  and  not  the  globe,  he  ought  to  have  the  north 
pole  of  this  magnet  on  his  left,  according  to  the  law  that  we 
have  established:  it  follows,  therefore,  that  the  terrestrial 
globe  acts  like  a  magnet  whose  north  pole  would  be  on  the 
south,  and  whose  south  pole  would  be  on  the  north  of  the 
earth.  If  the  direction  of  the  current  in  the  movable  con- 
ductor were  changed,  this  conductor  would  move  majestically 
by  describing  an  angle  of  180%  in  order  to  place  itself  so  that 
its  plane  should  be  always  perpendicular  to  that  of  the 
magnetic  meridian ;  but,  at  the  same  time,  the  current  would 
be  directed  from  east  to  west  in  its  lower  part. 

This  action  of  the  earth,  although  much  less  energetic  than 
that  of  a  powerful  magnet  very  near  to  the  conductor,  may, 
however,  complicate  the  results  when  this  latter  action  is 
being  studied.  Therefore,  in  order  to  guard  against  this, 
Amp^e  contrived  to  bend  the  movable  conducting  wire  in 
such  a  manner  as  to  form  two  similar  rectangles,  perfectly 
equal,  and  the  one  below  the  other,  or  even  one  beside 
the  other  (Fig.  83.).      In  this  latter  case  the  two  rectangles 
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Fig.  83. 
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are  situated  each  on  a  different  side  of  the  axis  of  rotation^ 
but  on  the  same  plane.  Small  pieces  of  wood  interposed 
between  the  contiguous  portions  of  the  wire,  and  connected 
with  them  by  means  of  silk  thread,  mainikain  the  form  of  the 
conductor,  at  the  same  time  preventing  metallic  contact 
between  its  different  parts.  The  wire  is  so  arranged  that  the 
current  traverses,  in  different  directions,  the  two  associated 
rectangles;  it  follows  that  the  action  of  the  earth  is  neu- 
tralised or  null  upon  the  movable  system,  which,  on  this 
account,  is  termed  astatic ;  in  fact,  it  tends  to  give  to  one  of 
the  rectangles  a  direction  exactly  the  contrary  of  that  which 
it  tends  to  give  to  the  other ;  and  as  the  two  rectangles  are 
equal,  and  it  is  the  same  current  that  traverses  them  both, 
the  two  effects  destroy  each  other.  In  this  manner  we  obtain 
with  the  first  astatic  system  a  horizontal  current,  and  with  the 
second  a  vertical  current,  each  movable  and  perfectly  indif- 
ferent to  terrestrial  magnetism.  We  will  call  them,  for  dis- 
tinction's sake,  the  former  the  horizontal  astatic  conductor, 
and  the  latter  the  vertical  astatic  conductor. 

The  system  of  suspension  employed  by  M.  Ampere  for  the 
purpose  of  obtaining  movable  currents,  presents  one  incon- 
venience ;  it  is,  as  the  inspection  of  the  figure  makes  manifest, 
that  the  conductor  cannot  turn  indifferently  in  all  directions^ 
being  retained  in  one  point  of  its  circular  movement  by  the 
branches  of  the  fixed  conductors  that  sustain  the  capsules 
intended  for  establishing  communication  with  the  poles  of  the 
pile.  Endeavours  have  been  made  to  remedy  this  incon- 
venience in  various  ways ;  the  most  ingenious  is  that  which 
was  devised  by  Professor  G.  De  la  Rive.  It  consists  in 
rendering  the  whole  circuit  movable,  including  the  pile :  with 
this  view,  we  fix  to  a  cork,  that  is  made  to  float  upon  water 
slightly  acidulated,  a  pile  composed  of  merely  a  plate  of 
copper  and  one  of  zinc,  which  are  thrust  through  the  piece  of 
cork.  The  upper  extremities  of  these  two  plates  are  con- 
nected by  a  wire  upon  which  we  can  act  with  the  magnet ; 
the  lower  extremities,  and  generally  the  greater  portion  of 
the  two  plates,  are  plunged  in  the  acidulated  water.  As  the 
pile  is  feeble,  the  wire,  which  we  take  care  to  envelope  care- 
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iully  in  silk^  so  as  to  avoid  all  metallic  communication^  is  made 
^^  to  present  several  convolutions,  and  so  as  to 

t^k  form  a  circular  ring  or  a  rectangle  {Fig.  84.). 

y^M  The  current  traverses  all  the  turns  succes- 

^^^■mg^^^j^    sively  in  the  same  direction,  whence  it  follows 
^^^  !^^-    ^^^>  instead  of  acting  with  the  magnet  upon 
SL^  Ip^     a  single  current,  we  act  upon  several  similar 
T^^^^  ±^5     01^68  at  the  same  time,  and  consequently  we 
~  p^        ^      multiply  the  intensity  of  the  action  to  the 
same  extent    The  possibility  of  this  multipli- 
cation, of  which  we  shall  see  many  other  applications,  is  due 
to  that  Amdamental  property  of  the  magnetic  force  which  we 
have  already  recognised,  namely,  that  all  the  parts  of  the 
same  circuit  act  equally  upon  the  magnet     These  floats  are 
also  directed  by  the  action  of  the  terrestrial  globe,  in  the  same 
manner  as  movable  conductors  are  when  traversed  by  the 
current  of  a  powerful  pile ;  it  is  merely  necessary  that  the 
diameter  of  the  ring  or  rectangle  be  at  least  three  or  four 
inches. 

On  the  principle  that  the  current  may  be  more  energetic 
which  enables  us  to  employ  as  a  conductor  a  wire  making 
only  one  turn,  we  may  fix  to  the  cork  a  small  Darnell's  pile, 
contained  in  an  envelope  of  thin  glass,  or  the  copper  of  which 
forms  the  exterior  vessel ;  the  whole  is  made  to  float  in  ordi- 
nary water.  We  may  also  adjust  to  the  cork  a  helix  pile 
formed  of  a  thin  plate  of  platinum  and  a  thin  plate  of  amal- 
gamated zinc :  in  this  case,  the  water  upon  which  the  cork 
floats  must  be  acidulated;  it  is  this  combination  which 
appears  to  me  to  include  the  most  favourable  conditions  of 
force  and  lightness.  We  then  adapt  to  this  apparatus,  in 
order  to  establish  commimication  between  the  poles  of  the 
pile,  conductors  of  copper  wire  bent  according  as  they  may 
be  required  for  the  experiment ;  but  we  must  give  large  di- 
mensions to  the  figures  that  are  formed  by  the  difierent 
conductors,  when  we  do  not  adopt  the  system  of  the  multi- 
plier {Fig.  85.).  Moreover,  with  one  form  as  with  the  others, 
we  may  easily  make  all  the  same  experiments  that  are  made 
with  the  apparatus  that  are  constructed  according  to  Ampere's 
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mode  of  suspension^  and  in  particnlar  to  obtain  direction  of  a 
rectangular  or  circular  current  by  means  of  the  terrestrial 


Fiff.  85. 

globe.  We  must  only  take  great  care,  when  we  employ  but 
a  single  voltaic  pair,  not  to  forget,  as  we  have  already  re- 
marked in  the  First  Part  of  this  work,  that  the  positive  elec- 
tricity sets  out  from  the  copper  or  platinum  plate,  and  the 
negative  from  the  zinc  plate;  that,  consequently,  it  is,  ac- 
cording to  our  conventional  mode  of  describing  it,  from  the 
copper  or  platinum  plate  that  the  current  is  found  to  start  in 
order  to  traverse  the  conductor,  to  go  thence  to  the  zinc,  and 
to  return  through  the  pair  to  its  point  of  departure.  In  order 
that  we  may  be  able  to  put  the  different  conductors  suc- 
cessively into  the  circuit  of  the  pair,  the  cork  disc  carries  two 
small  cylindrical  capsules  of  wood  filled  with  mercury,  which 
conmiunicate,  the  one  with  the  platinum,  the  other  with  the 
zinc  of  the  pair,  and  into  which  the  extremities  of  the  con- 
ductor through  which  the  current  is  to  be  transmitted  are 
made  to  plunge. 

At  the  same  time  that  M.  Ampire  took  up  Oersted's  dis« 
covery ,  in  order  to  generalise  and  to  extend  it,  M.  Arago  showed 
that  an  electric  current  not  only  acts  upon  a  magnetised  needle, 
but  that  it  also  acts  upon  all  magnetic  bodies,  even  when  they 
are  not  magnetised.  Having  slightly  curved  a  copper  wire  of 
about  ^yth  of  an  inch  in  diameter,  he  saw  that,  when  this 
wire  was  traversed  by  a  strong  current,  it  acquired  the 
property  of  attracting  and  retaining  around  it,  under  the  form 
of  a  cylindrical  envelope,  a  certain  quantity  of  iron  filings, 
and  that  immediately  the  current  ceased  to  pass,  the  filings 
fell;  the  wire  took  them  up  again  as  soon  as  the  current 
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passed.  This  experiment  proves  that  the  electric  current 
impresses  upon  conductors,  when  it  is  transmitted  by  them, 
properties  perfectly  analogous  to  those  of  magnets,  and  not 
simply  to  those  of  magnetic  bodies ;  in  other  words,  that  it 
magnetises  them,  and  does  not  simply  render  them  susceptible 
of  being  magnetised.  M.  Arago  went  further,  by  showing 
that  the  discharge  of  a  Leyden  jar  may  magnetise  a  steel 
needle  placed  in  the  interior  of  a  helix  made  of  wire,  through 
which  this  discharge  is  made  to  pass.  Davy  shortly  after- 
wards discovered  that  we  can  in  like  mannar  magnetise  a 
sewing  needle  by  merely  rubbing  it  transversely  against  a 
rectilinear  wire,  traversed  by  the  electric  current  of  a  pile. 
We  shall  return  to  this  subject  in  the  Third  Chapter,  which 
is  entirely  devoted  to  it. 

Mutual  Action  of  two  electric  Currents, 

From  the  origin  of  these  researches  M.  Amp&re  perceived 
that  an  electric  current  not  only  acts  upon  a  magnet,  but  that 
it  also  exercises  an  action  upon  another  electric  current  He 
found  that  this  action  consisted  in  that,  if  two  portions  of 
rectilinear  currents  parallel  to  each  other  are  both  movable, 
or  are  the  one  fixed  and  the  other  movable,  they  are  mutually 
attractive  when  they  are  moving  in  the  same  direction,  and  re- 
pulsive when  they  are  moving  in  a  contrary  direction.  The 
attraction  in  this  case  does  not  cease  with  contact,  as  occurs 
when  we  are  referring  to  the  attraction  of  electric  bodies  in 
static  electricity ;  it  remains  so  long  as  the  current  continues 
to  traverse  the  conductors. 

In  order  to  demonstrate  this  principle  by  experiment,  we 
may  employ  the  floating  pile,  or  Ampere's  apparatus,  adapting 
to  either  of  them  the  vertical  astatic  conductor.  We  present 
to  one  of  its  vertical  branches  a  parallel  wire  traversed  by 
the  current  of  a  rather  powerful  pile.  We  perceive  that 
this  wire,  which  may  simply  be  held  in  the  hand,  attracts 
the  branch  of  the  rectangle,  if  the  two  currents  are  moving 
in  the  same  direction,  namely,  both  in  like  manner  from  above 
downwards,  or  upwards  from  below,  and  repels  it  if  they  are 
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moving  in  a  contrary  direction^  the  one  from  below  upwards, 
and  the  other  from  above  downwards  *  {Fig.  86.). 

M.  Ampfere  was  not  long  in  generalising  the  law  of  parallel 
currents  by  extending  it  to  the  case  of  angular  currents,  that 

is,  to  the  case  in  which  the 
two  conductors,  each  being 
traversed  by  a  current,  form 
an  angle  by  being  situated 
either  in  the  same  plane  or 
in  different  planes;  in  this 
latter  case,  the  angle  formed 
by  the  currents  is  that  which 
is  made  by  the  two  planes 
in  which  they  are  situated, 
and  it  has  for  its  height  the 
right  line  that  measures  their 
shortest  distance. 

The  following  is  the  law 
that  Ampire  discovered  in 
this  general  case;  it  is  that  the 
two  angular  currents  attract 
each  other,  when  their  direction  is  such  that  they  both  tend  toward 
the  summit  of  the  angle,  or  that  they  both  set  out  from  it,  and  that 
they  repel  each  other  when  one  goes  towards  the  summit  and  the 
other  sets  out  from  it  This  law  comprehends  four  different 
cases,  for  the  imderstanding  of  which  it  is  necessary  to  cast  the 
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Fig.  87. 


eye  upon  Fig.  87.,  in  which  the  arrows  that  are  outside  the 
angular  lines  represent  the  direction  of  the  currents,  and  those 

*  We  may  hold  the  wire,  by  which  the  two  poles  of  the  battery  are  connected, 
in  the  hand,  in  order  to  present  it  to  the  movable  current,  without  the  current 
ceasing  to  traverse  it,  as  the  metal  is  a  conductor  so  superior  to  the  human  body 
that  the  two  electricities  traverse  it  exclusively  in  order  to  unite  with  each  other. 


Digitized  by 


Google 


CHAP.  n.        MAGNETISM  AND   ELECTRIC   CURRENTS.  225 

withinside  the  lines  the  direction  in  which  the  conductors 
move  in  respect  to  each  other.  When  the  suspension  of  the 
movahle  current  and  the  arrangement  of  the  fixed  current  are 
such  that  the  angle  which  they  form  together  remains  inva- 
riable,  this  action  may  give  rise  to  a  continuous  movement  of 
rotation.  But  before  studying  this  particular  form,  imder 
which  it  is  sometimes  presented,  we  must  establish  it  in  a 
more  direct  manner  by  entering  upon  the  case  in  which  the 
arrangement  of  the  experiment  permits  the  two  currents  to 
approach  or  to  recede,  so  that  the  angle  formed  between  them 
increases  or  diminishes. 

With  this  in  view,  we  may  employ  the  floating  pile,  attaching 
to  it  the  horizontal  astatic  conductor.  We  present  to  the  upper 
branch  a  rectilinear  current,  in  like  manner  horizontal,  so  that 
it  forms  with  it  an  angle,  the  sununit  of  which  is  at  one  of  the 
extremities  of  each  of  the  two  conductors  (/Ti^.  88.).     Imme- 


Fig.  88. 

diately,  whatever  this  angle  may  be,  whether  acute,  obtuse,  or 
right,  we  perceive,  if  the  two  currents  are  directed  so  as  to  con- 
verge to  each  other  towards  its  summit,  or  to  diverge  from  it, 
the  movable  branch,  carrying  with  it  the  whole  of  the  circuit  of 
which  it  forms  a  part,  turns  round  this  summit  in  order  to 
place  itself  parallel  to  the  fixed  conductor,  and  as  near  to,  it 
as  possible.     In  this  position  the  two  currents  have  become 
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parallel^  and  are  determined  in  the  same  direction  with  respect 
to  each  other.  If,  on  the  contrary,  one  of  the  currents  is  at 
the  outset  directed  towards  the  summit  of  the  angle,  and  the 
other  sets  out  from  it,  we  perceive  the  movable  branch  still 
turning  around  this  summit  and  avoiding  the  fixed  conductor 
bj  increasing  the  angle  which  they  form  between  them,  and 
tending  to  place  itself  in  the  extension  of  this  conductor  by 
forming  with  it  an  angle  of  180**,  that  is  to  say,  the  greatest 
possible  angle. 

As  the  distance  between  the  different  parts  of  the  two 
conductors,  which  are  not  very  near  to  the  summit  of  the 
angle,  is  necessarily  very  great,  the  currents  must  be  very 
energetic  in  order  that  the  experiment  may  succeed  well.  In 
order  to  increase  this  energy,  we  may  cause  the  wire  of  which 
the  astatic  conductor  is  formed  to  make  several  turns,  having 
taken  the  precaution  to  cover  it  with  silk,  in  order  to  prevent 
metallic  contact.  But,  for  experiments  of  this  kind,  it  is 
preferable  to  make  use  of  Ampere's  apparatus,  which  enables 
us  to  employ  the  ciurent  produced  by  a  powerful  pile.  We 
suspend  upon  it  the  horizontal  astatic  conductor,  and,  in  order 
to  act  upon  its  lower  branch,  we  adapt  to  it  a  fixed  horizontal 
conductor,  which  is  placed  beneath,  but  as  near  to  this  branch 
as  possible.  We  may  cause  the  same  current  to  pass  through 
the  fixed  conductor  that  traverses  the  movable  conductor  if 
we  prefer  it,  which  is  the  more  convenient  plan,  as  we  need 
not  employ  two  different  piles.  This  observation  is  also  ap- 
plicable to  the  experiment  in  which  we  demonstrate  with  this 
same  apparatus  the  action  of  a  fixed  vertical  conductor  upon 
the  vertical  branch  of  the  astatic  movable  conductor.  But  in 
order  to  realise  every  possible  case  by  employing  only  a  single 
current  which  traverses  successively  the  whole  system  of 
fixed  and  movable  conductors,  we  must  be  able  to  change  the 
direction  of  the  current,  not  only  in  the  two  conductoiis  at 
once,  which  is  always  easy,  since  it  is  sufficient  for  this  to 
change  the  place  of  the  two  poles  of  the  pile,  but  also  in  one 
of  the  conductors  only,  without  changing  it  in  the  other, 
which  requires  a  particular  contrivance. 

The  following  is  consequently  the  manner  in  which  the 
apparatus  of  Fig.  82.  is  arranged  so  as  to  serve  for  all  experi- 
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ments  that  relate  to  the  mutual  attraction  and  repulsion  of 
electric  currents.     Upon  the  table  which  supports  the  appa- 


All 


Fig.  89. 

ratus  (Fig.  89.)  are  placed  three  steel  capsules  filled  with 
mercury^  and  arranged  in  the  arc  of  a  circle^  of  which  the 
two  extremes  a  and  c  each  communicate  with  one  of  the 
gibbet-like  metal  supports  which  are  intended  for  placing  the 
movable  metal  conductor  in  the  circuit  The  middle  one,  5, 
is  placed  in  communication  with  a  metal  binding  screw,  or  a 
capsule  m,  intended  for  receiving  one  of  the  extremities  of  the 
fixed  conductor,  whether  it  be  vertical  or  horizontal,  the  other 
extremity  of  which  goes  to  a  second  binding  screw  or  capsule, 
n,  from  which  a  conductor  is  led  to  one  of  the  poles  of  the 
pile«  The  other  pole  is  fixed  to  a  small  metal  cylinder,  o, 
placed  in  the  centre  of  the  circle  to  which  the  arc  belongs, 
that  is  formed  by  the  first  three  capsules.  Along  this  vertical 
cylinder  a  socket  slides  tightly,  and  firom  which  proceeds  a 
horizontal  metal  conductor,  that  at  its  curved  extremity  can 
be  plunged  at  pleasure  into  either  of  the  three  capsules  a,  A, 
or  c.  From  the  same  socket  proceed  two  glass  stems,  oe^ 
and  og,  each  of  which  carries  at  its  extremity  a  metal  arc, 
the  dimensions  and  arrangement  of  which  are  so  calculated 
that,  when  the  horizontal  stem  is  plunged  into  (me  of  the 
extreme  capsules  a  or  c,  the  two  other  capsules  are  connected 
metallically  by  one  or  other  of  the  two  arcs.     It  is  easy  to 
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see  that,  by  this  arrangement,  the  current  is  established  in 
the  whole  system  of  fixed  and  movable  conductors,  and  that, 
in  order  to  change  its  direction  in  one  of  the  conductors  (the 
movable),  without  changing  it  in  the  other  (the  fixed),  we 
have  merely  to  plunge  the  horizontal  stem  alternately  in  one 
or  other  of  the  two  extreme  capsules.  In  fact,  supposing  the 
positive  pole  of  the  pile  to  be  in  communication  with  the 
centre  o  of  the  circle,  the  current  setting  out  thence  arrives 
by  the  metal  arc  at  one  of  the  extreme  capsules  a  or  c ;  it 
passes  thence  to  one  of  the  erect  supports,  traverses  the 
movable  conductor,  returns  by  the  other  support  to  the 
second  extreme  capsule,  then  passes  by  means  of  the  metal 
arc  to  the  middle  capsule  5,  whence  it  is  directed  to  one  of 
the  extremities  m  of  the  fixed  conductor,  which  it  traverses 
in  order  to  arrive  by  the  other  extremity  n  of  this  same 
conductor  to  the  negative  pole  of  the  pile.  When  we  wish  to 
act  upon  the  movable  conductor  merely  by  a  magnet  or  by 
the  terrestrial  globe,  we  confine  ourselves  to  removing  the 
system  of  fixed  conductors,  and  unitii^  by  a  wire  the  two 
binding  screws  or  capsules  m  and  n,  which  were  intended  for 
placing  it  in  the  circuit.  It  is  easy  to  see  thiU^  the  movable 
conductor  is  then  placed  in  the  circuit,  and  that  the  direction 
of  the  current  that  traverses  it  may  be  changed  by  the  same 
contrivance  that  is  employed  when  the  fixed  conductor  is 
also  traversed  by  the  current.  We  may  also  do  without  the 
apparatus  (Fig.  82.),  that  which  we  have  just  described  being 
applicable  to  the  same  purpose.  Fig.  89.  represents  the  case 
in  which  the  fixed  conductor  is  vertical ;  and  it  serves  for  the 
demonstration  of  the  attraction  and  repulsiim  of  parallel  cur- 
rents. Fig.  90.  represents  the  case  in  which  the  fixed  con- 
ductor is  horizontal ;  it  is  that  which  is  used  in  the  study  of 
angular  currents.  This  fixed  horizontal  conductor  generally 
consists,  not  of  a  single  wire,  but  of  a  wire  covered  with  silk 
and  making  several  revolutions  around  a  frame,  and  the  two 
extremities  of  which  are  put  into  communication  with  the 
binding  screws  or  capsules  m  and  n :  this  multiplication  renders 
the  action  of  the  fixed  current  upon  the  movable  current 
much  more  energetic. 

In  order  to  establish  the  law  of  angular  currents,  we  employ. 
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as  we  have  said,  the  horizontal  astatic  conductor ;  and  it  is 
upon  its  lower  branches,  which  can 
have  only  one  moyement  of  rotation 
around  the  axis  of  suspension,  that 
the  fixed  current  acts.  We  may  give 
the  movable  conductor  such  a  form 
(Fig.  91.),  that  the  moyement  of  ro- 
tation takes  place  arouncb  the  ex- 
tremity of  the  horizontal  branch. 
The  experiment  is  then  made  in  the  same  manner  as  with 
the  floating  circuit,  and  it  gives  the  same  results,  which  are 
merely  more  decided  on  account  of  the  possibility  of  employing 
more  energetic  currents.  Generally,  however,  the  movement 
of  rotation  occurs  in  the  middle  of  the  horizontal  branch  of 
the  movable  astatic  conductor  (Fig.  96.).  It  is  easy,  in  fact, 
to  see  that  in  this  case  the  effect  is  double ;  for  the  two  currents 
experience,  in  each  of  the  angles  that  they  form  in  crossing, 
attractive  and  repulsive  actions,  which,  being  subjected  to  the 
law  that  we  have  enunciated,  unite  in  impressing  upon  the 
movable  branch  a  motion  in  two  directions  that  concur. 
They  are  in  fact  repulsive  in  two  of  the  angles,  and  at- 
tractive in  the  other  two;  and  it  follows  that  they  compel 
the  movable  current  to  place  itself  parallel  to  the  fi^ed  one, 
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80  that  their  direction  is  the  same  with  each  other.  If  we 
then  change  the  relative  direction  of  the  two  currents,  we  see 
the  movable  current  describe  an  angle  of  180®  in  order  again 
to  place  itself  parallel  to  the  fixed  current,  so  as  to  be  deter- 
mined in  the  same  direction  with  it  This  experiment  shows 
that  the  action  of  angular  currents,  according  to  the  mode  of 
suspension  and  the  position  of  the  fixed  point  about  which  the 
movement  occurs,  maj  transform  the  attraction  and  repulsion 
into  a  change  of  the  direction :  but  the  simple  and  primitive 
effect  is  truly  attractive  and  repulsive ;  the  change  of  direc- 
tion is  only  a  result  of  this,  which  is  easy  of  comprehension, 
when  we  regard  the  mode  of  suspension. 

We  have  said  that  the  law  of  angular  currents  is  the  same, 
whatever  be  the  size  of  the  angle:  it  is  easy  to  prove  this  by 
experiment  Regarded  in  this  manner,  the  law  of  parallel 
currents  is  only  a  particular  case  of  the  general  law,  that  in 
which  the  angle  is  zero.  Another  particular  case,  no  less 
interesting,  is  that  in  which  the  angle  is  180%  that  is  to  say, 
in  which  one  of  the  currents  is  merely  the  prolongation  of  the 
other.  M.  Ampere  succeeded  in  giving  a  direct  verification 
of  the  law  in  this  case.  With  this  view  he  divided,  by  means 
of  a  glass  partition,  an  earthen  dish  into  two  equal  compart- 
ments, which  he  filled  with  mercury;  then,  taking  a  wire 
covered  with  silk,  the  two  extremities  of  which  he  exposed, 
he  bent  it  in  the  form  of  an  arc,  taking  care  that  the  two 
ends  of  the  perpendicular  wire  at  the  part  where  the  arc  is 

formed  were  parallel  to  each 
other.  Thus  arranged,  he 
made  it  float  upon  the  mer- 
cury {Fig.  92.),  so  that  the  two 
^  parallel  and  horizontal  branches 

were  one  on  one  side,  and  the 
other  on  the  other  side  of  the  glass  partition,  both  parallel  to 
this  partition,  and  that  the  exposed  extremities  were  well  in 
contact  with  the  mercury.  Then,  by  plunging  the  two  poles 
of  the  pile,  one  into  the  left  and  the  other  into  the  right  com- 
partment, he  compelled  the  current  to  traverse  the  wire. 
Immediately  the  circuit  is  formed,  the  float  slides  along  the 
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mercury,  rapidly  receding  backward, — aa  eflect  due  to  there 
being,  in  each  of  the  branches  separately,  a  repulsion  between 
the  current  that  traverses  it  and  the  current  that  is  trans- 
mitted into  the  mercury  before  penetrating  into  the  wire  or 
after  going  out  from  it.  The  current  of  the  mercury  and 
that  of  the  wire  are  only  the  prolongation  of  each  other,  or, 
which  comes  to  the  same  thing,  those  two  currents  forming  an 
angle  of  180%  one  of  which  goes  to  the  summit  of  the  angle 
and  the  other  sets  out  from  it,  there  must  be  a  repulsion 
between  them,  and  this  for  each  of  the  two  branches  separately. 
This  important  consequence  of  the  general  law  may  be  also 
expressed  by  saying  that  all  the  portions  of  ike  same  current 
repel  each  other. 

The  following  is  an  experiment  of  Davy's,  which  demon- 
strates the  same  law  under  another  form.  It  consists  in 
introducing  through  two  small  holes,  pierced  in  a  disc  or 
capsule  at  a  distance  of  an  inch  or  so  apart,  two  very  short 
pieces  of  platinum  wire :  the  capsule  is  filled  with  mercury, 
so  that  the  ends  only  of  each  of  the  two  pieces  of  wire  are 
covered  with  a  very  thin  stratum.  Then  these  two  wires. are 
made  to  communicate  from  below  with  the  poles  of  the  battery; 
the  current  is  thus  transmitted  through  the  mercury  from 
one  wire  to  the  other.  The  mercury  is  immediately  seen  to 
rise  above  each  of  the  ends  of  the  wire  in  the  form  of  little 
cones,  which,  falling  back  by  the  effect  of  gravity,  and  rising 
again  by  the  effect  of  the  current,  determine  in  the  mercury  a 
series  of  undulations.  The  repulsion  that  occurs  between  the 
portions  of  the  same  current  is  here  exercised  upon  the 
mercury,  the  wire  being  fixed;  whereas,  in  Ampere's  ex- 
periment, it  was  the  movable  wire  that  was  set  in  motion. 

By  referring  the  experiment  of  the  electrical  mill,  that 
we  described  in  the  Fifth  Chapter  of  the  Second  Fart  of  this 
work,  to  the  same  principle,  we  may  give  to  it  a  much  better 
explanation  than  that  which  is  generally  admitted.  In  fact, 
in  the  electrical  mill,  the  electricity  that  comes  out  from  the 
points  forms  a  current,  which  is  propagated  in  the  medium 
into  which  it  penetrates,  particularly  into  the  air.  Now 
the   continuous   rotatory  movement   that   the   mill    under- 
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goes  in  the  opposite  direction  to  the  points^  is  merely  the 
result  of  the  continuous  repulsion  that  occurs  between  the 
current  that  traverses  the  movable  metal  branch,  and  that 
which  escapes  out  of  it  to  penetrate  into  the  air. 


Ampbre^s  Theory  on  the  Constitution  of  Magnets ;  and  the 
Law  of  Electrodynamics. 

After  having  studied  the  mutual  action  of  electric  currents 
upon  each  other,  and  having  determined  their  laws,  Amp^ 
endeavoured  to  connect  the  action  of  currents  and  of  magnets 
by  means  of  a  very  ingenious  hypothesis  on  the  nature  of 
magnetism.  By  carefully  analysing  the  action  of  the  different 
parts  of  a  magnet  upon  a  movable  current,  and  that  of  a 
current  upon  the  different  parts  of  a  movable  magnet,  he  saw 
that  these  actions  were  exactly  the  same  as  those  which 
might  have  occurred  had  the  section  of  the  acting  magnet,  or 
the  magnet  submitted  to  action,  been  replaced  by  an  electric 
current  circulating  around  this  section  and  consequently 
closed,  and  situated  in  a  plane  perpendicular  to  the  axis  of 
the  magnet  By  observing  that  in  some  cases  there  was 
attraction  and  in  others  there  was  repulsion  between  the 
section  of  a  magnet  and  an  electric  current,  the  direction  of 
which  he  knew,  he  further  succeeded  in  determining  what 
the  direction  ought  to  be  of  these  hypothetical  currents ;  and 
for  this  he  rested  simply  upon  the  law  that  there  is  attraction 
when  the  currents  move  in  the  same  direction,  and  repulsion 
when  they  move  in  opposite  directions.  The  following  is  the 
mode  by  which  we  succeed  in  attaining  to  this  determination. 
We  take  a  prismatic  magnetised  bar,  using  the  precaution  to 
hold  it  horizontally,  so  as  to  have  the  north  pole  on  the  left 
hand ;  we  present  it  to  the  vertical  branch  of  the  movable 
astatic  conductor,  placed  alone  in  the  circuit ;  we  find  that,  if 
this  branch  is  traversed  by  the  current  proceeding  upwards 
from  below,  it  is  repelled  by  all  the  parts  of  each  of  the  faces 
of  the  bar,  and  this  from  one  extremity  to  the  other ;  that, 
on  the  contrary,  it  is  attracted  if  its  current  is  directed  from 
above  downwards.     When  thus  passing  each  of  the  faces  of 
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the  bar  firom  one  end  to  the  other  before  the  vertical  current, 
we  must  take  care  always  to  hold  the  magnet  horizontallj,  and 
the  north  pole  to  the  left.  Now  if,  by  means  of  a  little  soft 
wax,  we  apply  on  each  of  the  faces  of  the  magnet  small 
arrows  of  card,  with  the  point  tomed  in  the  direction  according 
to  which  a  current  ought  to  travel  in  order  to  produce  upon 
the  movable  conductor  the  attraction  or  repulsion  that  is 
determined  in  it  by  the  action  of  a  magnet  (Fig.  93.),  we  find 
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Fig,  93. 

that  these  small  arrows  represent  a  current  circulating  around 
each  of  the  sections  of  the  magnet,  everywhere  in  the  same 
direction,  namely,  firom  top  to  bottom  in  the  face  that  is 
turned  toward  the  movable  conductors,  and  &om  bottom  to 
top  in  that  which  is  opposite  to  it,  and  moving  from  the 
conductor  in  its  lower  surface,  and  approaching  it  in  its 
upper.  The  sum  of  these  directions  perfectly  constitutes  a 
current,  circulating  around  each  section  of  the  magnet,  as  in 
a  closed  circuit  When,  without  changing  the  position  of  the 
arrows,  we  turn  over  the  magnet,  placing  the  north  pole  to  the 
right,  it  is  easy  to  comprehend  that,  as  their  direction  is  then 
inverted  by  the  mere  fact  of  this  turning,  it  follows  that  the 
current  which  they  represent  goes  from  the  bottom  to  the  top 
in  the  face  that  is  presented  to  the  movable  current  Thus, 
between  the  different  parts  of  the  magnet  that  are  successively 
presented  to  the  current,  and  the  current  itself,  there  is 
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repulsion  when  the  current  is  directed  from  above  downwards, 
and  attraction  when  it  is  directed  from  below  upwards; 
actions  precisely  contrary  to  those  that  occurred  in  the  pre- 
ceding case,  namely,  before  the  magnet  had  been  turned  over. 
We  obtain  a  perfectly  similar  result  by  presenting  a 
horizontal   current  to   the  different  sections  of  a  magnet, 

suspended  vertically  to  a  wire 
by  one  of  its  extremities  {Fig. 
94.),  where  we  indicate,  by 
small  arrows  fixed  upon  the 
different  faces  of  the  magnet, 
and  at  different  heights,  the 
direction  that  the  currents 
ought  to  have  which  are 
supposed  to  circulate  around 
its  surface,  in  order  to  ac- 
count for  the  attractive  and 
repulsive  effects  that  are  ob- 
served. 

A  magnet  may  therefore 
be  considered  as  formed  by 
an  association  of  electric 
currents,  all  circulating  iii 
the  same  direction  around 
its  surface,  and  all  situated 
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Fig.  94. 


in  planes  parallel  to  each  other  and  perpendicular  to  the  axis 
of  the  magnet  With  regard  to  the  direction  of  these  currents, 
we  have  seen,  by  analysing  the  mutual  action  of  a  magnet 
and  a  current  whose  direction  is  known,  that  it  is  such 
that,  if  we  hold  the  magnet  horizontally  before  us,  the  north 
pole  being  to  our  left  hand,  the  current  goes  from  top  to 
bottom  in  the  exterior  face  most  distant  from  the  observer, 
and  from  bottom  to  top  consequently  in  the  face  that  is 
nearest  or  withinside.  In  order  to  fix  this  direction  well  in 
the  memory,  it  is  more  convenient  to  suppose  the  magnet  in 
its  natural  position,  that  is  to  say,  in  that  position  which  is 
imparted  to  it,  when  it  is  movable,  by  the  directive  force  of 
the  earth,  its  north  pole  consequently  turned  towards  the 
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north;  we  then  find  that  the  direction  of  the  arrows,  which 
we  will  still  leave  in  their  place,  is  such  as  to  indicate  that 
the  current  is  directed  from  the  east  to  the  west  in  the  lower 
face  of  the  magnet,  and  consequently  from  west  to  east  in  its 
upper  face ;  that  it  is  ascending  in  the  face  situated  on  the 
west,  and  descending  in  that  which  is  on  the  east 

We  may  feirther  add,  that  it  is  evident  that  the  form  of  the 
circuit  in  which  each  of  these  parallel  currents  circulates, 
whose  association  forms  the  magnet,  depends  on  the  exterior 
form  of  the  magnet  itself:  that  it  is  circular  when  the  magnet 
is  cylindrical ;  rectangular  when  its  figure  is  that  of  a 
parallelopipedon ;  and  that  it  is  a  series  of  rectangles,  diminish- 
ing in  size  from  the  middle  towards  each  of  the  extremities, 
when  the  form  of  the  magnet  is  a  lozenge. 

It  is  easy  to  see  that  Amp^e's  hypothesis  of  the  constitution 
of  magnets,  as  we  have  just  expressed  it,  explains  in  the 
most  satisfactory  manner  Oersted's  ftindamental  experiment ; 
as  also  all  those  that  relate  to  the  deviation  of  a  magnet  or  a 
current,  produced  hy  the  mutual  action  they  exercise  upon 
each  other.  All  these  efiects  may  be  traced  to  those  that 
result  from  the  mutual  action  of  two  currents  upon  each 
other — an  action,  by  virtue  of  which  they  tend  to  place  them- 
selves parallel  to  each  other,  so  as  to  be  moving  in  the  same 
direction.  In  order  that  this  parallelism  may  occur  with 
currents  that  circulate  around  the  magnet,  it  is  evidently 
necessary  that  the  latter  should  find  itself  placed  transversely 
to  the  current  that  acts  upon  it,  or  upon  which  it  acts.  Now, 
it  is  actually  to  this  that  the  directive  action  tends,  which  is 
manifested  in  the  experiments  in  which  the  movable  current 
or  magnet,  instead  of  being  able  to  obey  attraction  or  r^ 
pulsion,  can  only  turn  around  a  central  point. 

In  order  to  confirm  the  hypothesis  to  which  he  had  been 
led  of  the  nature  of  magnetism,  Amp^e  endeavoured  to 
arrange  electric  currents  in  the  same  manner  as  he  had  con- 
ceived they  were  naturally  arranged  in  a  magnet ;  and  he  thus 
succeeded  in  obtaining  assemblages  of  currents  which  possess 
all  the  properties  of  true  magnets.  With  this  view  he  took  a 
copper  wire,  and  twisting  it  into  a  helix,  taking  care  that  the 


Digitized  by 


Google 


236 


MAGNETISM  AND  ELECTBO-DYNAMICS.        pxbt  m. 


successive  spirals  did  not  touch  each  other,  he  brought  back 
the  two  ends  interiorly  along  the  axis  of  the  helix  to  its  middle, 
and  then,  making  the  two  extremities  come  out,  without  being 
in  contact  either  with  each  other  or  with  any  part  of  the  helix, 
he  bent  them  so  as  to  be  able  to  suspend  the  whole  as  a 
movable  conductor  to  an  apparatus  similar  to  that  of  Mg.  82. 
Then,  having  made  the  current  pass  through  the  wire  of  the 
movable  conductor,  he  found  that  he  had  a  true  magnet,  the 
axis  of  which  and  the  two  poles  were  the  axis  and  the  extre- 
mitiea  of  the  helix  {Fig.  95.).    An  ordinary  magnetbed  bar  ex- 
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ercised  upon  its  extremities  the  same  attractive  and  repulsive 
actions  that  it  would  have  exercised  upon  those  of  a  compass 
needle.  In  order  to  obtain  more  marked  effects,  it  would  be 
better  to  use,  in  the  construction  of  the  helix,  a  wire  covered 
with  silk ;  we  may  then  brmg  the  spirals  of  the  helix  close 
even  to  contact,  without  any  fear  of  the  current's  passing  di- 
rectly from  one  to  the  other,  instead  of  pursuing  its  course ; 
for  there  is  no  metallic  communication.  In  order  to  give 
greater  firmness  to  the  wire,  the  helix  is  wound   aroimd  a 
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glass  tube  or  a  simple  cylinder  of  wood,  which  is  left  a  little 
longer  than  the  helix  itself,  when  we  wish  to  hold  it  in  the 
hand  and  present  it,  as  was  done  with  the  magnet,  either  to 
a  compass  needle  or  to  another  movable  helix  (Fiff.  95.  a.).  In 
the  latter  case  we  obtain  with  the  two  helices,  each  traversed 
b  J  currents,  all  the  same  effects  as  are  produced  b  j  the  mutual 
action  of  two  magnets.     We  may  easily  procure  a  current 

movable  in  a  helix  for  imitating  a 
magnetised  needle,  either  by  ad- 
justing the  conductor  of  the  little 
floating  pile  into  the  form  of  a  helix 
{Fig.  96.),  or  by  terminating  the 
two  extremities  of  a  helix  formed  of 
'^'  a  silk-covered  wire  by  a  plate  of 

zinc  and  one  of  copper,  each  thrust  into  a  cork  floating  upon 
acidulated  water. 

We  are  indebted  to  M.  G.  de  la  Rive  for  an  experiment, 
which  evidences  in  a  remarkable  manner  Ampere's  hypothesis 
of  the  constitution  of  magnets.  It  consists  in  presenting  to 
the  floating  electrical  ring  that  we  have  descri][>ed  {Pig.  84.),  a 
magnetised  bar  held  by  one  of  its  extremities,  whilst  the  other 
is  placed  in  the  centre  of  the  ring.  When  the  hypothetical 
current  of  the  magnet  and  the  real  currents  of  the  ring  are 
moving  in  the  same  direction,  we  perceive  the  ring  advance 
parallel  to  itself,  until  it  has  arrived  at  the  middle  of  the 
magnet,  and  when  once  there  it  remains  there.  But  if  we 
withdraw  the  magnet  and  turn  it  round,  that  is  to  say,  if  we 
replace  it  exactly  in  the  same  position,  but  taking  the  pre- 
caution of  merely  changing  the  position  of  the  poles,  we 
immediately  perceive  the  ring  recede  parallel  to  itself, — an 
effect  that  is  due  to  its  currents  and  those  of  the  magnet 
being  directed  in  a  contrary  way.  What  is  curious  in  this  is, 
that,  when  once  arrived  beyond  the  extremity  of  the  bar,  the 
ring,  instead  of  continuing  to  be  repelled,  turns  upon  itself, 
describing  an  angle  of  180^,  presents  itself  to  the  magnet 
with  its  currents  then  moving  in  the  same  direction  with  its 
own,  and  returns  by  a  rapid  movement  to  the  middle  of  the 
bar,  where  it  again  remains  in  equilibrio.    We  also  obtain  all 
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these  same  eflFects  by  substituting  an  electrical  helix  for  the 
magnetised  bar.  They  may  easily  be  explained  by  the  at- 
traction and  repulsion  that  are  exercised,  according  as  they 
are  in  a  direction  which  is  relatively  similar  or  different,  by 
the  currents  of  the  magnet  or  the  helix  upon  the  currents  of 
the  movable  ring.  With  regard  to  the  turning  round  that  is 
executed  by  the  ring  when  it  goes  off  &om  the  magnet  after 
having  been  repelled,  it  is  due  to  its  plane  never  being 
perfectly  perpendicular  to  the  axis  of  the  bar :  the  repulsive 
actions  upon  the  different  sides  are  not  equal,  and  are  trans- 
formed into  a  change  of  direction,  which  is  necessarily  fol- 
lowed by  an  attraction,  as  soon  as  the  currents  of  the  magnet 
and  those  of  the  ring  are  moving  in  the  same  direction.  It  is 
also  easy  to  understand  why  the  ring  stops  at  the  middle  of 
the  magnet;  it  is  that  evidently,  in  Ampere's  theory,  the 
middle  of  the  magnet  is,  like  the  middle  of  the  helix,  the  point 
of  application  of  the  resultant  of  all  the  parallel  currents  per- 
pendicular to  the  axis,  and  moving  in  the  same  direction  from 
one  extremity  to  the  other ;  it  is  therefore  the  point  where 
the  action  exercised  upon  an  exterior  current  must  be  at  its 
maximum. 

We  may  here  inquire,  why  it  is  not  the  same  when  a 
magnet,  instead  of  acting  upon  one  or  several  currents 
forming  a  ring,  acts  upon  iron  or  upon  another  magnet :  we 
know,  in  fact,  that  in  that  case  the  action,  on  the  contrary,  is 
at  its  minimum  at  the  middle  of  the  magnet,  and  at  its 
maximum  at  the  poles,  namely,  at  the  points  situated  quite 

.  near  to  its  extremities.  Further :  if  we  move  a  vertical 
electric  current  along  and  very  near  to  one  of  the  small 
vertical  faces  of  a  compass  needle,  we  find  that  when  this 
current  is  exactly  opposite  to  one  or  other  pole,  it  exercises 
no  action;  and  that,  if  its  action  is  of  a  certain  nature, 
repulsive  for  example,  upon  all  the  points  of  the  face  of  the 
magnet  comprised  between  the  two  poles,  it  is  of  a  contrary 
nature  (attractive  in  this  case)  upon  all  the  points  of  this  same 

fojce  that  are  situated  beyond  the  poles,  which,  as  we  know, 
are  never  at  the  extremities  themselves.  The  same  effect  is 
presented  in   a  contrary  direction  upon  the  opposite  face.. 
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Thus,  if  the  vertical  current  is  directed  upwards  from  below, 
it  attracts  all  those  points  of  the  west  face  of  the  needle  that 
are  situated  between  the  two  poles,  and  repels  those  that  are 
situated  beyond ;  on  the  contrary,  it  repels  all  the  points  of 
the  east  face  situated  between  the  poles,  and  attracts  all  those 
that  are  situated  beyond.  A  convenient  and  elegant  manner 
of  making  this  kind  of  action  manifest  consists  in  presenting 
to  M.  G.  de  la  Rive's  floating  ring,  and  parallel  to  its  plane, 
one  of  the  lateral  faces  of  a  magnetised  bar,  taking  the 
precaution  that  the  centre  of  the  ring  be  nearer  to  one  of  the 
extremities  than  to  the  middle  of  the  bar.  We  then  see  the 
ring  slide  along  the  face  of  the  magnet,  resting  against  it  on 
its  two  vertical  sides ;  and  as  soon  as  one  of  them  has  passed 
the  end  of  the  bar  the  ring  itself  turns,  describing  an  angle 
of  90®,  and  returns  as  before  to  the  middle  of  the  magnet. 
Thus,  although  in  one  of  the  vertical  sides  of  the  ring  the 
currents  are  moving  in  a  direction  contrary  to  that  which 
they  have  in  the  other,  yet  they  are  both  attracted  by  points 
of  the  same  face  of  the  magnet,  situated,  it  is  true,  on  different 
sides  of  the  pole. 

The  effects  that  we  have  just  been  describing,  which  were 
discovered  and  described  by  Faraday  and  by  G.  de  la  Rive,  at 
first  appeared  very  contrary  to  Ampere's  theory  of  the  nature 
of  magnets ;  in  fact,  according  to  this  theory,  the  electrical 
ctlrrents,  the  association  of  which  forms  a  magnet,  ought  all 
to  have  had  the  same  direction  upon  the  same  face  of  a 
magnetised  bar,  and,  consequently,  could  not  have  exercised 
contrary  actions,  according  as  they  were  situated  between  the 
two  poles,  or  beyond  them.  Finally,  how  are  we  to  explain 
the  nullity  of  action  at  the  two  poles  themselves  ? 

The  objections  that  we  have  been  pointing  out  did  not 
arrest  Amp&re;  he  succeeded  in  overcoming  them  all,  and 
established  his  theory  upon  such  a  solid  basis  that  it  is  at 
the  present  time  generally  admitted.  He  set  out  from  the 
principle  that  the  electric  currents  to  which,  according  to  his 
view,  magnets  owe  their  properties,  are  molecular,  that  is, 
that  they  circulate  around  each  particle.  These  electric 
currents  pre-exist  in  all  magnetic  bodies,  even  although  they 
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have  not  been  magnetised^  only  thej  are  arranged  in  an 
irregular  manner  so  that  they  neutralise  each  other.  Mag- 
netisation is  the  operation  by  which  a  common  direction  is 
impressed  upon  them ;  whence  it  follows  that  the  series  of  the 
exterior  portions  of  the  molecular  currents  which  are  all 
moving  in  the  same  direction,  constitutes  a  finished  current 
around  the  magnet,  whilst  the  interior  portions  are  neutralised 
by  the  exterior  ones,  moving  in  the  contrary  direction,  of  the 
following  molecular  stratum.  In  order  to' follow  out  these 
effects  well,  we  must  decompose  the  magnet  into  concentric 
and  similar  strata:  Fig.  97,  represents  the  section  of  a  cylin- 


Fig.  97. 

drical  magnet,  and  the  magnet  itself.  The  direction  impressed 
upon  the  currents  by  magnetisation  is  maintained  in  bodies 
that  are  endowed  with  coercitive  force,  and  ceases  in  othei^, 
such  as  soft  iron,  as  soon  as  the  force  that  determined  it 
ceases;  because  then  all  the  molecular  currents,  being  free 
to  obey  their  mutual  action,  take  the  relative  position  that 
produces  equilibrium,  or  the  neutralisation  of  every  exterior 
effect- 
In  order  to  submit  this  hypothesis  to  calculation,  and  thus  to 
deduce  from  it  all  the  effects  of  the  mutual  action  of  magnets 
upon  currents,  and  currents  upon  each  other,  it  would  be 
necessary  to  commence  by  calculating  the  mutual  action  of 
two  molecular  currents  alone,  or,  which  amounts  to  the 
same  thing,  of  two  infinitely  small  portions  of  current  Now, 
this  calculation  required  for  starting  points,  besides  the 
general  law  of  attraction   and  repulsion   according  to  the 
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direction  of  the  currents,  and  which  we  have  already  esta^ 
blished,  certain  principles  ftimished  bj  experiment ;  and  expe* 
riment  cannot  be  made  upon  infinitely  small  portions  of  cur- 
rents. But,  by  means  of  a  calculation  which  is  as  rigorous  as 
it  is  ingenious,  M.  Ampere  has  been  able  to  deduce  the  prin- 
ciples that  are  necessary  to  be  established  in  respect  to  in- 
finitely small  currents,  from  the  cases  of  equilibrium  that  are 
furnished  by  the  mutual  action  of  finite  currents.  These  cases 
of  equilibrium,  to  the  number  of  four,  enable  us  to  deter- 
mine the  laws  which  the  mutual  action  of  infinitely  small 
electric  currents  must  necessarily  obey,  in  order  that  they  may 
be  realised.  And  when  these  laws  are  once  obtained,  the  cal- 
culation, on  being  applied  to  the  consideration  of  infinitely 
small  currents,  leads  to  consequences  perfectly  conformable 
with  experiment,  in  regard  to  the  eficcts  that  must  be  pro- 
duced by  the  assemblage  of  these  currents,  such  as  occurs  in 
magnets  and  dectric  helices. 

Let  us  now  look  into  the  four  cases  of  equilibrium,  furnished 
by  experiment,  which  have  served  as  the  basis  to  the  calcu- 
lations upon  infinitely  small  currents. 

First  Case  of  Equilibrium, 

Two  equal  and  contrary  finite  currents  exercise  upon  a 
third,  situated  at  the  same  distance  from  the  two  former,  no 
action,  the  attractive  action  of  the  one  being  equal  to  the 
repulsive  action  of  the  other.  In  order  to  demonstrate  this 
principle,  we  must  employ  a  wire  covered  with  silk,  which  is 
bent  in  the  middle  upon  itself,  so  that  its  two  halves,  which 
are  parallel  to  each  other,  may  be  in  contact  throughout 
their  whole  extent :  the  two  extremities,  which  are  situated 
one  beside  the  other,  are  placed  in  communication  one  with 
the  positive,  the  other  with  the  negative  pole  of  the  pile,  so 
that  the  two  halves  are  traversed  by  the  same  current  in 
opposite  directions.  To  the  vertical  or  horizontal  astatic 
current  of  the  float  we  present  this  double  current,  composed 
of  two  equal  and  contrary  currents  situated  at  the  same 
distance  from  the  movable  current,  and  the  action  is  alto- 
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gether  null.     We  maj  also  adjust  this  double  current  to  the 
apparatus  of  Fig.  89.,  giving  it  the  form  of  Fig.  98. 


loni 


Fig.  98. 

Second  Case  of  Equilibrium. 

The  action  exercised  by  a  rectilinear  conductor  upon  a 
movable  current  is  exactly  equal  to  that  which  is  exercised 
upon  the  same  current  by  a  conductor  bent  and  turned  in 
any  manner,  but  comprised  within  the  same  limits,  provided 
that  the  currents  which  traverse  the  two  finite  conductors  are 
the  same,  or  have  the  same  intensity. 

The  accuracy  of  this  principle  is  verified  by  means  of  the 
apparatus  of  Fig.  89.,  to  which  the  astatic  vertical  conductor 
is  suspended.  For  the  fixed  conductor  we  place  a  system  of 
two  wires,  one  of  which  is  rectilinear  and  the  other  twisted 
into  the  form  of  a  fiame,  a  zigzag,  or  in  any  other  manner 
(Fig.  99.).  They  are  so  arranged  that  the  vertical  branch  of 
the  movable  astatic  conductor  is  situated  between  them,  and 
the  current  that  traverses  it  successively  has  the  same  direction 
in  each  of  them;  but  at  the  same  time  that  this  direction, 
which  is  common  to  them,  is  contrary  to  that  of  the  current 
in  the  movable  branch.  We  then  see  that  the  latter  is  equally 
repelled  by  the  two  fixed  conductors,  and  is  maintained  be- 
tween them  exactly  in  the  middle.  It  is  important  that  the 
sinuosities  of  the  twisted  conductor,  designated  by  Amp^e 
under  the  name  of  sinuous,  should  not  be  too  great  compa- 
ratively to  the  distance  of  the  conductors  &om  the  movable 
current     They  may,  however,  providing  that  this  distance 
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be  sufficiently  great,  be  situated,  one  of  them  in  a  plane 
different  from  that  of  the  other*  This  case  of  equilibrium  served 


/^ 


y 


Fig.  99. 

M.  AmpSre  for  showing  that  we  may  apply  to  currents  the 
law  of  the  decomposition  and  recomposition  of  ordinary  forces, 
or  the  law  of  the  parallelogram  of  forces ;  which  could  not  be 
inferred  h  priori^  in  consequence  of  the  very  special  nature 
of  the  forces  which  emanate  from  electric  currents,  and 
which  are  not  similar  to  the  ordinary  forces  of  mechanics. 


Third  Case  of  Eqmlibrwm. 

A  closed  circuit  of  any  form  whatever  cannot  set  in  motion 
any  portion  of  a  current  forming  an  arc  of  a  circle  of  which 
the  centre  is  on  a  fixed  axis,  around  which  it  may  freely  turn, 
—  an  axis  that  is  perpendicular  to  the  plane  of  the  circle  to 
which  the  axis  belongs.  In  this  delicate  experiment,  it  is 
necessary  that  the  arc  of  the  circle  may  move  alone,  and 
without  the  conductors  by  which  it  is  placed  in  the  circuit. 
For  this  purpose  we  employ  two  canals  filled  with  a  quantity 
of  mercury,  so  that  the  level  of  the  liquid  rises  by  capillarity 
above  the  sides  of  the  canals.  The  conductor,  in  the  form  of 
an  arc  of  a  circle,  fixed  by  its  middle  to  the  extremity  of  a 
horizontal  stem  coming  as  it  were  from  the  axis^  situated 
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at  the  centre  of  the  circle  of  which  the  arc  forms  a  part,  resta 
delicately  hy  two  of  its  points  upon  the  surface  of  the  mercury 
of  each  canal,  so  as  to  be  simply  in  contact  with  it  (Fig,  IQQ.). 


If. 


Kk 


Fig.  100. 

The  positive  pole  of  the  pile  communicates  with  the  mercury 
of  one  of  the  canals,  and  the  negative  with  the  mercury  of  the 
other,  so  that  this  conductor  of  an  arc  of  a  circle  serves  to 
close  the  circuit,  and  is  itself  the  only  movable  part  A  wire 
is  presented  to  it  at  a  certain  distance,  which  is  bent  into  the 
form  of  a  circle,  an  ellipsis,  or  a  rectangle ;  in  a  word,  forming 
a  polygon  or  a  closed  curve,  and  moreover  traversed  by  a 
current  •  In  whatever  manner  this  fixed  conductor  is  placed 
in  relation  to  the  movable  one,  no  action  is  manifested. 


Fourth  Case  of  EquUtbrium. 

We  take  three  circular  conductors,  situated  in  the  same 
plane,  an  horizontal  plane  for  example,  each  movable  around  an 
axis,  situated  beyond  their  circumference,  and  to  which  each 
of  them  is  connected  by  a  horizontal  branch,  soldered  to  one 
point  of  this  circumference.  If  these  three  circular  con- 
ductors are  situated  so  that  their  centres  are  on  the  same  right 
line ;  if,  moreover,  the  distances  of  these  centres  are  respec- 
tively proportional  to  the  radii  of  the  circles;  that  is  to  say. 
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if  the  relation  of  the  radius  of  the  first  circle  to  the  radios  of 
the  second^  and  that  of  the  radius  of  the  second  to  the  radius 
of  the  thirds  are  to  each  other  as  the  distance  of  the  first 
centre  from  the  second^  and  as  the  distance  of  the  second 
centre  from  the  thurd^  the  intermediate  movable  conductor 
will  be  in  equilibrium  between  the  two  extreme  fixed  con- 
ductors^ when  they  are  all  three  traversed  by  voh  electric 
current,  moving  in  the  same  direction  in  all,  and  having  the- 
same  intensity  in  each.  The  mere  inspection  of  the  figure 
(^Fig.  101.)  is  sufficient  to  explain  the  manner  in  which  the 


rtff.  101. 

three  circular  conductors  are  traversed  successively  by  the 
same  current,  the  middle  conductor  being  movable  between 
the  two  extreme  ones,  which  are  fixed. 

By  means  of  these  four  cases  of  equilibrium,  Amp^e  suc- 
ceeded not  only  in  determining  the  form  of  the  mathematical 
expression  of  the  force  that  two  elements  of  voltaic  currents 
exercise  upon  each  other,  but  in  finding  the  value  of  the 
constant  quantities  that  enter  into  this  expression,  and  par- 
ticularly in  deducing  from  it  that  the  force  itself  is  in  inverse 
ratio  to  the  square  of  the  distance  between  the  two  elements. 
We  may  remember  that  the  experiment  of  Biot  and  Savart 

B   3 


Digitized  by 


Google 


246  MAGNETISM  iLND  ELECTBODTNAMICS,         part  m« 

had  led  to  the  same  law  for  an  element  of  a  current  upon  an 
element  of  a  magnet^  and  which  establishes  a  Airther  analogy 
between  an  element  of  a  ma^et  and  an  element  of  an  electric 
current* 

Once  having  arrived  at  the  mathematical  expression  of 
the  action  of  two  elements  of  a  current.  Ampere  deduced 
from  it  .the  action  of  the  assemblage  of  several  elementary 
currents,  either  upon  a  similar  assemblage,  or  upon  a  finite 
or  indefinite  current.  The  results  of  the  calculation  were 
constantly  found  to  agree  with  those  that  had  been  furnished 
by  experiment.  But  the  most  important  case  is  that  which 
includes  the  mutual  action  of  two  solenoids.  Ampere 
designated  by  this  name  a  system  of  very  small  closed 
currents,  having  their  centres  equally  distributed  on  a  right 
line  or  a  curve,  which  he  named  direction  of  the  solenoid. 
Magnetisation,  by  impressing  fixed  directions  upon  the  electric 
currents  by  which  the  molecules  of  bodies  are  enveloped, 
produces  solenoids ;  in  such  sort  that  a  solenoid  is  the  mag- 
netic skeleton  of  magnetised  substances,  the  magnets  being  an 
assemblage  of  closed  currents. 

Amp^  had  demonstrated  that  the  action  of  a  solenoid 
depends  only  on  the  position  of  its  extremities,  and  in  no 
degree  upon  the  form  of  its  axis;  but  he  did  not  succeed 
in  deducing  firom  the  calculation  applied  to  the  currents  of 
solenoids  all  the  same  consequences  as  he  had  deduced  from, 
this  same  application  made  to  the  molecular  currents,  which, 
according  to  him,  constitute  magnets, — results  that  are  per- 
fectly in  accordance  with  the  properties  of  magnets.  M.  Savary 
has  filled  up  this  blank :  he  set  out  firom  the  principle  that,  if 
Amp^'s  formula  is  true  when  it  is  applied  to  molecular 
currents,  it  ought  to  be  equally  so  when  it  is  applied  to  the 
circular  currents  of  solenoids,  and  that  calculation  ought 
also  to  give  results  identical  with  those  of  experiment.  This 
experienced  philosopher  discovered  that  this,  in  fact^  was  the 
case ;  and  he  further  showed  that  solenoids,  or  electro- 
dynamic  cylinders  of  a  very  small  diameter,  act,  at  distances 

•  *  See  the  final  note  F,  for  the  calculation  relating  to  the  mutual  action  of 
electric  currents. 
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veiy  great  in  respect  to  this  diameter,  like  magnets^  whose 
poles  would  be  situated  at  the  very  extremities  of  these 
cylinders*  This  result  therefore  established  a  complete  iden- 
tity between  a  solenoid  and  a  magnetic  filament;  for  the 
latter  being  composed  of  molecular  currents^  it  is  clear  that, 
whatever  be  the  distance  at  which  it  acts,  the  diameter  of 
these  currents  is  always  infinitely  small  in  relation  to  this 
distance.  We  will  not  follow  M,  Savary  into  the  other 
consequences  which  he  has  deduced  from  his  calculations ;  we 
shall  confine  ourselves  to  saying  that  they  all  agree  with  the 
results  that  had  been  already  furnished  by  the  experimental 
study  of  magnetism  in  the  hands  of  Coulomb  and  other 
philosophers  who  have  been  engaged  on  this  subject ;  so  that, 
under  the  conditions  laid  down,  a  solenoid  represents  a  true 
magnet  Thus,  in  particular,  they  established  by  calculation, 
founded  upon  the  laws  of  electro-dynamics  alone,  that  the 
poles  of  two  solenoids  repel  each  other  if  they  are  of  the  same 
name,  namely,  if  the  currents  move  in  them  in  the  same 
direction,  and  attract  each  other,  if  they  are  of  contrary  names. 
They  also  succeeded  in  establishing,  that  a  solenoid  has  no 
action  when  its  direction  is  a  closed  curve;  a  result  that 
agrees  with  what  is  Aimished  by  a  magnetised  steel  plate, 
which,  when  it  is  rolled  into  the  form  of  a  closed  ring,  ceases 
to  present  any  traces  of  magnetism. 

Amp^'s  theory,  therefore,  when  regarded  simply  under 
the  relation  of  the  properties  of  magnets  and  of  their  mutual 
action,  is  found  as  satisfactory  as  that  of  Coulomb ;  but  it  has 
further  this  great  superiority  over  the  latter,  that  it  accounts, 
upon  the  same  principle,  for  all  the  phenomena  of  electro- 
dynamics, that  is  to  say,  the  mutual  action  of  magnets  and 
currents,  and  the  mutual  action  of  magnets  upon  each 
other.  It  is  true  it  also  rests  upon  an  hypothesis,  that  of 
the  existence  of  electric  currents  around  the  particles  of 
magnetic  bodies:  but  this  hypothesis  is  quite  as  admissible 
as  that  of  the  existence  of  two  magnetisms  in  each  particle ; 
we  shall  even  see  further  on  that  recent  facts  seem  to  give  it 
a  further  degree  of  probability,  although  there  are  others 
which  we  shall  also  point  out,  that  are  less  easily  reconciled 
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with  it  It  accords  perfectly  well  with  all  the  theoretical 
mathematical  labours  that  have  been  gone  through  by  M. 
Poisson,  and  bj  other  philosophers^  resting  upoi^  that  of 
Coulomb;  and  cannot^  therefore,  but  be  advantageously  sub* 
Btituted  for  it  With  regard  to  the  anomalies  that  we  have 
pointed  out,  and  which  consist  in  the  opposite  actions  that 
are  exercised  upon  a  current  by  the  parts  of  a  magnet  situ- 
ated on  the  different  sides  of  the  poles,  and  the  nullity  of 
action  obserred  at  the  poles  themselves.  Ampere  has  shown 
that  they  are  merely  due  to  a  magnet's  not  being  able  to  be 
completely  assimilated  to  a  scdenoid,  which  represents  only  a 
simple  magnetic  filament ;  and  that  in  a  magnet,  properly  so 
called,  the  molecular  currents  exercise  upon  each  other  a 
reaction  that  modifies  their  relative  arrangement,  and  takes 
from  the  extremities  the  r^ularity  that  exists  in  the  central 
part  He  showed,  in  particular,  that  the  nullity  of  action 
at  the  poles  proceeds  from  the  poles  being  the  points  where 
the  actions  of  the  contrary  currents  are  equal;  and  he  has 
thus  connected  their  position  with  the  arrangement  of  currents^ 
that  depends  itself  on  the  general  form  of  the  magnet 

It  would  be  easy  for  us,  by  returning  to  the  study  of  the 
magnetic  phenomena  whicn  are  contained  in  our  First  Chap- 
ter, to  show  directly  that  Amp^e's  theory  satisfies  all  cases* 
We  will  quote  only  one  example.  It  is  borrowed  from  the 
experiment  in  which,  by  breaking  a  magnetised  needle 
through  the  middle,  we  thus  create  two  new  and  contrary- 
poles  at  the  extremities  that  have  just  been  disjoined.  J£  we 
separate  a  solenoid  into  two  fragments  by  cutting  it  perpen- 
dicularly to  its  axis,  we  evidently  obtain  upon  the  two  sepa^ 
rated  faces  two  currents^  which,  although  moving  in  the  same 
direction  when  they  are  one  after  the  other,  are  moving  in  a 
contrary  direction  in  regard  to  each  other  for  the  observer 
who  looks  at  them  both  in  front  {Fig.  102.),  or  are  in  respect 
to  him  the  two  currents  by  which  a  solenoid  is  terminated  at 
each  of  its  extremities.  These  currents,  therefore,  will  deter- 
mine upon  the  two  new  faces  of  the  solenoid  opposite  and 
contrary  poles  to  those  which  are  already  found  at  the  oppo- 
site extremity  of  the  same  fragment     Thus  we  see  that  this 
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experiment,  when  made  upon  a  solenoid,  by  giving  the  same 
result  as  when  made  npon  a  magnet,  is  explained  perfectly 
well  in  the  theory  which  admits  that  magnets  are  an  assem* 
blage  of  electric  currents,  distributed  as  we  have  pointed  out. 


Fig,  102. 


phenomena  of  continuous  Rotation^  arising  from  the  muiual 
Action  of  Magnets  and  Currents,  and  of  Currents  upon  each 
other. 

By  attentively  observing  the  contrary  action  that  is 
exercised  upon  a  movable  vertical  current,  either  by  the 
corresponding  parts  of  a  magnet  taken  on  its  two  opposite 
faces,  or  by  the  points  which,  though  situated  on  the  same 
face,  are  on  the  different  side  of  either  pole,  Mr.  Faraday 
concluded  that,  if  the  current  could  turn  freely  around  the 

pole,  it  would  execute  a  continuous 
rotatory  movement  (^Fig.  103.); 
and  this  he  succeeded  in  realising* 
In  order  to  obtain  this  in  a  decided 
manner,  a  cylindrical  magnet  must 
be  placed  in  the  centre  of  a  capsule  filled  with  mercury, 
taking  care  that  the  surface  of  this  liquid  is  a  little  below  the 
pole  of  the  magnet ;  we  then  lead  from  a  movable  axis  fixed 
vertically  by  means  of  two  points  between  the  summit  of  the 
magnet,  and  a  piece  of  steel  fixed  to  a  metal  support,  a  thin 
brass  wire  bent  square,  and  the  vertical  position  of  which  is 
terminated  by  a  fine  point,  plunging  slightly  into  the  mercury. 


JZX 
*. * 


J!Vy.  103. 
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SO  as  scarcely  to  graze  its  surface  {Fig.  104.).     A  voltaic 
current  is  transmitted  through  this  movable  conductor  by 


means  of  the  mercury  on  the  one  hand  and  the  metal  support 
on  the  other.  The  wire  is  immediately  seen  to  be  set  in 
motion,  and  it  turns  rapidly  around  the  magnet.  The  di- 
rection of  the  rotation  depends  at  once  on  the  direction  of  the 
current,  and  the  nature  of  the  pole  of  the  magnet  arotmd 
which  this  rotation  occurs.  K  the  pole  and  the  direction  of 
the  current  are  both  changed  at  the  same  time,  the  direction 
of  the  rotation  remains  the  same :  in  order  that  it  may  vary, 
we  must  change  only  one  or  the  other  of  these  circumstances 
at  the  same  time. 

Mr.  Faraday  also  succeeded  in  determining  a  continuous 
rotatory  movement  in  a  magnet  under  the  in- 
fluence of  a  current,  by  plunging  vertically  into 
a  vessel  filled  with  mercury,  by  means  of  a  bal- 
last weight  of  platinum,  a  small  magnetised  bar, 
the  summit  alone  of  which  appears  above  the 
liquid  {Fig.  105.).  A  metal  rod,  communicating 
with  one  of  the  poles  of  the  pile,  descends  ver- 
tically to  the  centre  of  the  surface  of  the  mer- 
cury, which  is  itself  placed  in  communication  with 
the  other  pole  by  means  of  a  point  of  its  circumference.     Im- 


JPig.  105. 
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mediately  the  current  was  established,  the  magnet  commenced 
turning  around  a  right  line  formed  by  the  prolongation  of  the 
vertical  rod  beneath  the  surfiEu^e  of  the  mercury.  We  must 
here  observe  that  the  magnet  describes  not  a  cylinder  but  a 
€one,  provided  its  lower  extremity  is  placed  upon  the  axis  of 
rotation,  and  remains  there  while  its  upper  extremity  describes 
a  circle  around  the  point  where  the  vertical  conductor  touches 
the  surface  of  the  mercury.  The  direction  of  the  motion  in 
this  case,  as  in  the  preceding,  depends  upon  the  direction  of 
the  current,  and  upon  which  of  the  two  ma^etic  poles  is  on 
the  top  of  the  magnet 

In  this  experiment,  as  in  the  preceding  one,  the  rotation 
goes  on  accelerating  up  to  a  certain  point,  at  which  its 
velocity  becomes  uniform,  which  is  due  to  the  resistance 
opposed  by  the  mercury  to  the  effect  of  the  evidently  ac- 
celerating force  that  produces  the  motion. 

Faraday's  experiments,  at  the  time  they  were  made,  ap- 
peared irreconcileable  with  Ampere's  ideas;  but  this  philo- 
sopher had  not  at  that  period  made  known  his  law  of  angular 
currents,  by  means  of  which  he  soon  succeeded  in  easily 
explaining  the  phenomena  observed  by  Faraday,  and  adding 
to  them  certain  others  that  are  no  less  curious.  Then,  in 
order  to  add  an  experimental  proof  to  the  theoretic  demon- 
stration that  he  had  given,  that  all  these  facts  were  not 
contrary  to  his  hypothesis  of  the  nature  of  magnets,  he 
repeated  them  all,  by  supplying  the  place  of  the  magnets  by 
electro-dynamic  helices  or  cylinders,  or  assemblages  of  parallel 
circular  electric  currents. 

In  order  thoroughly  to  comprehend  how  an  attraction  or 
repulsion  between  currents  can  give  rise  to  a  rotatory  action, 
we  must  set  out  from  the  distinction  that  Amp^  established 
between  closed  and  open  currents.  A  closed  current  is  that 
which,  setting  out  from  a  point,  returns  to  the  same  point,  after 
having  described  a  figure  of  any  form  (no  matter  what  the  form 
maybe).  It  is  not  necessary,  in  order  that  the  current  be  closed, 
that  the  whole  circuit,  including  that  of  the  pile,  should  form 
part  of  it,  as  occurs  in  floats.  It  is  equally  closed  in  movable 
conductors,  one  of  the  extremities  of  which  sets  out  from  a 
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pointy  whilst  the  other  returns  to  a  very  neighbouring  point, 
situated  in  respect  to  the  former  in  such  a  manner  that  motion 

can  occur  around  a  line  passing 
through  these  two  points,  and 
which  serves  as  the  axis  of  ro* 
tation  {Fig.  106,),  It  is  also 
closed  in  a  helix,  one  of  the 
ends  of  which  communicates 
with  one  of  the  poles  of  the 
pile,  and  the  other  end  with 
the  other  pole.  Finally,  the  currents,  which  in  Ampire's 
theory  compose  a  magnet,  are  all  necessarily  closed  currents. 
An  open  current  is  a  current  that  traverses  a  movable 
conductor,  one  of  the  extremities  of  which  does  not  return 
either  to  the  point  where  the  other  is  situated,  or  to  a  point 
situated  on  the  same  axis.  Thus,  in  Faraday's  experiments 
that  we  have  described,  the  movable  current  which,  setting 
out  from  the  axis  of  rotation,  terminates  at  a  point  of  the 
surface  of  the  mercury  at  a  greater  or  less  distance  from  this 
axis,  is  an  open  current;  whilst  it  would  be  closed  if  the 
movable  conductor  setting  out  from  this  axis  should  return 
to  it,  whatever  in  other  respects  might  be  the  form  and  length 
of  its  contour.  The  circuit  of  an  open  current  must  neces- 
sarily include  a  liquid:  this  liquid  conductor  is  generally 
mercury,  sometimes  acidulated  water.  It  is  true  that  we 
may  suppose  that  the  movable  conductor  may  simply  glide  by 
its  point  over  the  surface  of  a  metal  plate,  whence  would 
result  a  sufficient  communication  for  the  current  to  be  trans- 
mitted: but  in  practice  the  friction  would  be  much  too 
considerable  for  the  movement  to  occur  freely;  and  if  we 
employed  currents  sufficiently  powerfrd  to  surmount  this 
resistance,  the  metal  point,  in  its  point  of  contact  with  the 
plate,  would  risk  being  greatly  altered,  by  the  combined 
effect  of  friction  and  of  the  high  temperature  that  is  deter- 
mined by  the  passage  of  the  electricity. 

In  order  that  the  action  of  a  magnet  or  of  a  closed  current 
may  determine  a  continuous  rotatory  movement  upon  a 
movable  current,  it  is  necessary  that  the  latter  be  open ;  if  it 
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is  closed,  it  can  only  experience  an  attraction  or  a  repulsion, 
and  consequently  a  change  of  direction.  The  result  to  which 
Ampere  was  led  by  calculation  was  completely  confirmed  by 
experiment;  and  it  was  easy  to  demonstrate  that  all  the  facts, 
which  seemed  to  him  contrary,  arose  from  there  being  open 
currents  in  the  experiments  by  which  these  facts  were  esta- 
blished. I£  there  are  none,  there  is  no  condnuous  rotation. 
Thus  two  magnets,  which  are  each  an  assembage  of  closed 
currents,  cannot  produce  by  their  mutual  action  any  con- 
tinuous rotatory  movement;  and  if,  in  Faraday's  second 
experiment,  we  see  a  magnet  rotate  under  the  action  of  a 
current  that  seems  closed,  we  must  not  forget  that  there  is 
mercury  in  the  circuit,  and  that  there  hence  results  an  open 
current. 

Let  us  therefore  now  see  how  Ampfere's  theory,  or  rather 
the  laws  that  he  has  established,  perfectly  account  for  the 
production  of  a  continuous  rotatory  movement  by  the  mutual 
action  of  a  closed  and  an  open  current. 

Let  us  first  examine  the  action  of  an  indefinite  rectilinear 
current  upon  a  current  also  rectilinear,  but  being  able  to 
travel  only  parallel  to  itself.  It  is  evident,  from  the  law  of 
angular  currents,  that  whatever  be  the  angle  made  by  the 
movable  current  with  the  fixed  one,  as  well  when  it  is  in  the 
same  plane  as  when  it  is  in  a  difierent  plane,  the  combined 
action  of  the  two  portions  of  the  fixed  current,  situated  on 
the  two  opposite  sides  of  the  summit  of  the  angle,  the  one 
attractive  and  the  other  repulsive,  causes  it  constantly  to 
move  parallel  to  itself.  The  direction  in  which  it  moves 
depends  upon  its  direction  relatively  to  that  of  the  fixed 
current ;  it  always  advances  in  the  angle,  the  sides  of  which 
are  formed  by  the  currents  that  are  both  directed  towards  the 
summit  of  the  angle,  or  that  both  diverge  from  it ;  whilst  it 
recedes  from  the  angle,  one  of  the  sides  of  which  is  formed  by 
the  current  that  converges  toward  the  summit,  and  the  others 
by  that  which  diverges  from  it.  This  is  a  consequence  of  the 
attraction  that  occurs  in  the  former  case,  and  of  the  repulsion 
that  occurs  in  the  latter.  This  result  may  be  verified  by 
direct  experiment,  by  suspending,  as  represented  in  the  figure 
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(Fig.  107.),  a  horizontal  wire,  supported  by  two  glass  rods, 
placed  vertical  to  its  two  extremities,  so  that  it  can  only  move 


Fig.  107. 

parallel  to  itself,  either  backward  or  forward.  It  is  pnt  in 
the  voltaic  circuit  by  means  of  two  longitudinal  glass  cells 
filled  with  mercury,  in  which  its  extremities,  which  are  slightly 
bent,  are  plunged.  The  vertical  rods  of  glass  must  be  very 
long,  in  order  that  the  backward  and  forward  movement  may 
have  a  sufficiently  large  amplitude/ without  the  points  coming 
out  of  the  mercury.  We  bring  near  to  one  of  the  extremities 
of  this  wire,  so  that  it  makes  any  angle  with  it,  a  rectilinear 
conductor  traversed  by  a  powerful  current,  and  we  see  the 
motion  of  the  movable  current  brought  about  as  we  have 
pointed  out ;  only  it  is  very  limited,  the  arrangement  of  the 
apparatus  preventing  the  wire  advancing  or  receding  in- 
definitely. We  employ  with  advantage  for  a  fixed  conductor 
one  of  the  sides  of  the  rectangle  formed  of  wire  covered  with 
silk,  bent  several  times  round  a  firame :  by  the  effect  of  this 
multiplication  the  current  is  found  to  have  a  much  greater 
degree  of  energy.  The  experiment  we  have  just  described 
is  the  most  direct  confirmation  of  the  law  of  angular  currents. 
From  the  movement  that  we  have  now  been  producing 
to  the  continuous  rotatory  movement,  there  is  but  one  step. 
In  fact,  let  us  fix  the  movable  conductor  by  that  extremity 
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which  is  most  distant  from  the  fixed  conductor^  so  that  it  may 
describe  a  circle  around  this  extremity ;  at  the  same  time,  let 
us  plunge  its  movable  extremity  into  a  circular  canal  filled 
with  mercury,  and  of  a  radius  consequently  equal  to  the 
length  of  the  wire ;  let  us  bend  the  fixed  conductor  so  as  to 
form  of  it  a  circle  around  and  very  near  to  this  canal ;  finally, 
let  us  make  a  current  pass  through  all  these  conductors,  which 
is  easy,  as  the  figure  shows  (Fig.  108,) :  we  then  perceive  the 


/ 


Fig.  108.  a. 


\Fig.  106. 

movable  current  describe  a  circle  around  its  point  of  attach- 
ment, with  a  continuous  rotatory  motion.  In  fact,  in  whatever 
position  the  movable  current  is  taken,  if  we  examine  the 

action  that  is  exercised  upon  it  by 

the  nearest  part  of  the  fixed  current, 

although  it  is  the  arc  of  a 

may  without  sensible  error 

considered  a  right  line,  a  tangent 


to  the  arc,  we  find  that  it  is  con- 
stantly driven  in  the  same  direction 
by  the  combined  attractive  and  re- 
pulsive actions  of  the  two  parts  of 
this  arc  that  are  situated  upon  the 
Fig.  109.  ^^  gj^^  ^£  ^^  summit  of  the  angle 

that  is  formed  with  it     Fig.  109,,  in  which  the  finite  current 
is  polygonal  instead  of  being  circular,  and  in  which  the 
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movable  current  successively  occupies  different  positions^  de- 
monstrates in  an  evident  manner  how  the  action  of  angular 
currents  gives  rise  to  a  continuous  rotatory  movement  The 
small  arrows  without  feathers  indicate  the  direction  of  the  cur- 
rents^ and  those  with  feathers  the  direction  of  the  movement 

In  order  to  render  the  movement  more  decided,  we  lead 
from  the  centre  of  rotation,  which  is  a  vertical  point  resting 
upon  the  bottom  of  a  metal  capsule  filled  with  mercury,  so  as 
to  be  able  to  establish  communication  with  the  pile,  two  or 
more  wires  similar  to  that  whose  movement  we  have  just 
analysed,  and  the  free  extremities  of  which  are  in  like  manner 
bent  vertically,  so  as  to  plunge  slightly  into  the  mercury  of 
the  circular  canal  employed  for  permitting  the  transmission 
of  the  current  We  also  use  the  precaution  of  taking  for 
the  fixed  conductor  a  wire  covered  with  sUk,  and  of  making 
it  have  several  revolutions  around  the  circular  canal,  so  as 
thus  to  act,  by  the  multiplication  of  the  fixed  current,  with 
more  energy  upon  the  movable  currents,  all  having  the  same 
direction,  that  is,  firom  the  centre  to  the  circimiference,  or 
from  the  circumference  to  the  centre ;  and  whose  movement 
consequently  operates  in  all  in  the  same  direction*  In  the 
figure  (Fig,  108.  a.),  in  place  of  mercury,  there  is  acidulated 
water  in  a  circular  canal  of  copper ;  and  the  vertical  branches 
of  the  movable  conductor  are  all  attached  to  a  circular  plate 
of  very  thin  copper,  which  is  plunged  into  the  liquid:  a 
copper  ribbon  covered  with  silk,  and  making  several  convo- 
lutions, conveys  the  fixed  current 

We  may  substitute  for  the  movable  horizontal  current  a 
vertical  current,  arranged  as  in  Faraday's  former  experiment 
{Fig.  104. )•  This  current,  it  is  true,  is  not  in  the  same  plane 
as  the  circular  fixed  current,  which  is  in  the  horizontal  plane ; 
but  the  law  of  angular  •currents  does  not  the  less  exist  be- 
tween them;  and  the  vertical  current  experiences,  by  the 
action  of  this  exterior  current,  a  continuous  rotatory  move- 
ment Instead  of  a  circle  or  a  cylinder,  the  movable  current 
may  equally  describe  a  cone  of  any  angle  around  the  axis  of 
rotation ;  for  the  action  of  the  currents,  the  one  upon  the  other, 
remains  the  same,  whatever  be  the  plane  in  which  they  are 
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situated.  With  regard  to  the  direction  of  the  rotation,  it 
depends  on  the  relative  direction  of  the  currents  in  the  two 
conductors;  in  order  to  change  it  we  must  change  this 
direction  in  one  and  not  in  the  other,  which  may  be  easily 
understood  by  not  losing  sight  of  the  law;  and  which  is 
easily  brought  about  by  a  suitable  arrangement  of  conductors. 

We  may,  in  like  manner,  act  upon  the  vertical  movable 
current  by  fixed  circular  currents  placed  interiorly,  instead  of 
exteriorly,  to  the  cylinder  which  it  describes :  for  this  purpose 
we  have  merely  to  substitute  for  the  magnet  in  Faraday's  first 
experiment  (Fig.  104.),  a  wire  twisted  into  a  helix  around  a 
cylmder  of  wood  or  wax,  taking  care  to  employ  a  wire  covered 
with  silk,  so  that  the  spirals  of  the  helix  may  be  well  insulated 
from  each  other.  Immediately  a  current  is  transmitted  through 
this  wire,  the  movable  current  executes  a  rotatory  move- 
ment, perfectly  similar  to  that  which  it  executed  around  the 
magnet  In  order  to  change  its  direction,  we  must  change  the 
direction  of  the  current  in  one  of  the  conductors  alone.  This 
last  experiment,  by  proving  that  an  electro-dynamic  cylinder 
produces  precisely  the  same  effect  as  a  magnet,  is  a  farther 
confirmation  of  Ampfere's  theory  of  the  constitution  of  magnets. 

Faraday's  second  experiment — that  in  which  a  magnet, 
plunged  vertically  into  mercury,  experiences  a  rotation  around 
a  vertical  current  —  at  first-  seems  contrary  to  Ampere's 
principle  that  the  mutual  action  of  two  closed  currents  cannot 
give  rise  to  a  continuous  rotatory  movement.  But  Ampere 
showed  that  the  phenomenon  was  not  due  to  the  action  of  the 
vertical  current  upon  the  movable  magnet,  but  in  truth  to 
that  of  the  horizontal  currents  that  are  propagated  over  the 
surface  of  the  mercury  from  the  centre,  on  which  the  lower 
extremity  of  the  vertical  conductor  abuts,  to  the  circum- 
ference where  there  is  a  metal  ring,  by  means  of  which  the 
voltaic  circuit  is  completed.  These  currents,  which  all  move 
in  the  same  direction  in  regard  to  each  other,  are  consequently 
found  to  have  the  same  direction  as  those  which  are  situated 
on  the  same  face  of  the  magnet,  and  a  contrary  direction  to 
those  which  are  on  the  opposite  face  (^Fig,  105.).  It  follows 
that  their  double  effect,  attractive  on  the  one  face  and  re- 
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pulsive  on  the  other,  concurs  in  constantly  impressing  upon 
the  magnet  a  movement  in  the  direction  of  the  attracted  face. 
The  liquid  constitution  of  the  conductor  by  which  the  currents 
are  transmitted,  enables  the  magnet  to  intercept  them  at  the 
very  place  where  it  passes  in;  whence  it  follows  that  the 
circuit  is  in  fact  an  open  circuit,  and  not  a  closed  one ;  and 
that  this  case  is  properly  included  in  the  general  law  laid 
down  by  Amp^e.  It  is  well  to  cover  the  magnet  with  a  thin 
coating  of  wax  or  gum-lac,  in  order  that  the  currents  shall 
not  traverse  it. 

However,  it  is  possible  to  obtain  a  rotatory  movement  by 
obliging  a  current  to  traverse  a  magnet.  For 
this  purpose  it  is  necessary  that  the  current 
that  has  penetrated  into  the  magnet,  shall 
come  out  of  it  in  a  direction  perpendicular 
to  its  surface.  Then  the  action  of  this  current 
upon  the  two  portions  of  the  current  of  the 
magnet,  separated  by  the  point  at  which  it 
comes  out,  determines  a  rapid  rotatory  move- 
ment of  the  magnetised  bar  upon  its  axis,  as 
indeed  ought  to  follow  from  the  law  of  angular 
Fiff.iio.  currents.  In  order  to  make  this  experiment 
(Fig.  110.),  the  extremity  of  the  fixed  vertical  conductor 
^_^  must  abut  upon  the  summit  of  the  magnet, 

which,  by  means  of  its  platinum  weight,  is 
held  vertically  in  the  mercury:  a  small  steel 
cup,  screwed  upon  the  top  and  filled  with 
mercury,  serves  to  fiicilitate  the  transmission 
of  the  current,  which,  after  having  pene- 
trated from  the  conductor  into  the  magnet, 
comes  out  of  it  to  enter  into  the  mercury, 
and  radiate  toward  the  circumference  of  the 
vessel.  The  direction  of  the  rotatory  move- 
ment depends  upon  that  of  the  current  alone, 
since  the  currents  of  the  magnet  do  not 
change  in  direction. 
In  order  to  obtain  the  rotation  of  a  magnet  upon  its  axis, 
we  may  also  solder  to  the  middle  of  a  magnetised  bar,  and 


Fig.  111. 
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perpendicular  to  one  of  its  faces,  a  wire,  which,  by  being 
bent  vertically  at  its  extremity,  plunges  by  the  point  in  which 
it  terminates  into  an  annular  canal  filled  with  mercury.    The 
magnetised  bar  is  pointed  at  its  two  extremities,  and  is  fixed 
vertically  between  its  two  points,  so  as  to  be  able  to  turn 
freely.     From  its  lower  extremity  proceeds  a  second  con- 
ducting wire  similar  to  the  former,  and  like  it  plunging  by 
its  bent  extremity  into  the  mercury  of  an  annular  canal ;  and 
the  current  is  transmitted  through  the  magnet  by  means  of 
these  two  canals,  and  the  two  wires  that  enter  into  them. 
Sometimes  the  bar  is  curved  in  the  middle  of  its  length,  so 
that  it  presents  two  vertical  parts  of  equal  size,  united  by  a 
small  horizontal  portion,  upon  which  is  screwed  a  cup  full  of 
mercury,  from  which  proceeds  the  vertical  conductor  intended 
for  transmitting  the  current,  the  circuit 
of  which  is  completed,  as  in  the  preced- 
ing case,  by  means  of  a  wire  fixed  per- 
pendicularly into    the   middle   of    the 
magnet,   and  plunging   by  its   curved 
extremity  into  the  circular  canal  filled 
with  mercury  (Fig.  112.).     It  is  not  in 
this  case  necessary  to  have  a  second 
wire  in  the  lower  part     The  rotation  of 
the  magnet  occurs  in  the  same  manner 
around  an  axis  that  passes  through  the 
point  upon  which  the  lower  face  of  the 
ig,  112.  horizontal  part  of  the  magnet  rests,  so 

that  the  latter  is  in  equilibrium. 

It  must  not  be  supposed  that  in  these  different  experiments 
the  phenomenon  of  rotation  is  due,  as  has  been  erroneously 
stated,  to  the  action  upon  the  magnet  of  the  portions  of  the 
current  that  traverse  it,  or  that  traverse  the  conducting  wires 
attached  to  the  magnet,  and  moving  with  it  In  fact,  how 
could  a  solid  system  be  set  in  motion  by  a  force  emanating 
from  a  portion  of  the  very  system  itself,  and  connected  with 
it  in  an  indissoluble  manner?  The  action  can  only  arise 
from  a  part  of  the  current  which  is  independent  of  the 
system  that  moves:  this  part  is  the  portion  of  the  circuit 
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which  is  not  connected  with  the  magnet  that  is  set  in  rotation, 
and  which,  consequently,  is  situated  independent  of  the  system 
in  motion.  This  kind  of  action,  although  tolerably  com- 
plicated, has  been  calculated,  like  the  others,  by  M.  Amp^e 
in  a  perfectly  rigorous  manner. 

Amp^e,  who  was  the  first  to  obtain  the  rotation  of  a  magnet 
upon  its  axis,  was  led  to  it  by  a  curious  experiment  of  Savary's, 
intended  to  point  out  the  action  of  angular  currents,  and 
which  we  will  again  describe.  A  wire  rolled  into  a  flat  spiral 
is  terminated  within,  perpendicularly  to  the  plane  of  the  spiral, 
and  its  curved  extremity  is  plunged  into  a  cup  filled  with 
mercury.  The  spiral  itself  is  plunged  into  a  circular  vase 
filled  with  acidulated  water,  the  side  of  which  communicates 
with  one  of  the  poles  of  the  pile,  whilst  the  other  is  placed  in 
communication  with  the  cup  of  mercury.  The  apparatus  is  so 
arranged  that  the  vertical  stem  that  carries  the  cup  traverses 
the  centre  of  the  copper  vessel,  the  whole  being  insulated  by 
a  glass  tube ;  it  follows  from  this,  that  the  stem  by  which  the 
spiral  is  sustained,  and  consequently  the  spiral  itself,  may 
turn  fireely  in  all  directions  around  the  central  axis  {Fig.  113.). 


Fig.  lis. 

The  currents  that  come  out  or  that  penetrate  by  the  different 
points  of  the  spiral  wire  and  traverse  the  liquid  by  radiating, 
immediately  exert  an  action  upon  the  currents  that  circulate 
m  the  wire  itself,  and  determine  a  rotatory  movement  of  the 
spiral  around  the  vertical  stem,  conformably  to  the  law  of 
angular  currents.  According  as  the  spiral  is  wound  sinistra^ 
girate  or  dextro^rate,  the  motion  occurs  in  one  direction  or 
the  other ;  from  this  difference  there  results  a  change  in  the 
relative  direction  of  the  currents  of  the  spiral,  and  of  those 
of  the  liquid. 
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Many  variations  have  been  made  in  the  apparatus  contrived 
for  producing  the  phenomena  of  electro-dynamic  rotation. 
One  of  the  most  elegant  is  that  which  was  devised  by 
Mr.  Marsh  {Fig,  114.),  and  which  consists  of  one  element  of 


Fig.  114. 

a  pile,  composed  of  an  annular  copper  vessel^  formed  of  two 
concentric  cylinders,  in  which  is  placed  the  conducting  liquid, 
into  which  latter  a  zinc  cylinder  is  immersed.  A  kind  of 
support,  made  of  two  vertical  metal  rods  connected  by  a 
horizontal  one,  fiimished  with  a  point  in  its  middle,  arises 
from  the  interior  copper  cylinder,  and  serves  to  suspend  the 
entire  vessel  above  a  vertical  magnet,  placed  in  the  axis  of 
the  apparatus:  a  similar  support  arises  from  the  zinc  cylinder, 
and  also  serves  to  suspend  it;  the  point  of  its  horizontal 
cross-piece  rests  upon  the  bottom  of  a  small  cup  filled  with 
mercury,  which  is  upon  the  cross-piece  of  the  support  of  the 
copper  vessel,  and  over  its  point  It  is  by  this  means  that 
the  necessary  metallic  communication  is  made  between  the 
zinc  and  the  copper  of  the  pair.  When  the  apparatus  is  thus 
arranged,  the  two  supports,  and  consequently  the  cylinders  to 
which  they  are  attached,  acquire  a  rotatory  movement  around 
the  central  magnet,  but  in  contrary  directions.  It  is  easy, 
therefore,  to  see,  that  the  current  in  fact  travels  in  an  opposite 
direction  in  each  of  them. 

Davy  observed  that  when  the  pole  of  a  powerful  magnet 
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is  brought  towards  a  mass  of  mercury  traversed  by  electric 
currents^  a  rapid  rotation  of  this  metal  is  determined  around 
the  solid  conductor  that  is  plunged  in  to  transmit  the  current. 
The  experiment  succeeds  well  with  the  apparatus  that  is 
employed  for  demonstrating  the  raising  of  two  small  cones  of 
mercury  above  metal  points^  communicating  with  the  poles  of 
a  pile.    The  direction  of  the  rotation  depends  upon  that  of  the 
current^  as  well  as  of  the  pole  of  the  magnet  that  is  brought 
near  to  the  mercury.     The  phenomenon  is  due  to  the  action 
that  is  exercised  by  the  magnet  upon  the  currents  which, 
setting  out  from  the  metal  point  that  is  plunged  into  the 
mercury,  are  disseminated  over  the  surface  of  this  eminently 
movable  metal  conductor.    Mr.  Poggendorff,  who  has  made  a 
special  study  of  the  rotation  of  mercury,  has  remarked  that, 
when  it  has  occurred  for  a  certain  time,  it  relaxes  and  al- 
together ceases.     This  effect  appears  to  arise  from  the  oxi' 
dation  of  the  mercury,  which  is  facilitated  by  its  movement, 
and  which,  when  it  has  once  occurred,  diminishes  the  liquidity 
of  the  metal  by  rendering  it  viscous.     Priestley  had  already^ 
remarked  that  simple  agitation  in  contact  with  air  determines 
an  oxidation  of  this  metal,  which  is  manifested  by  the  blackish' 
colour  it  acquires,  and  by  a  diminution  of  its  liquidity.     We 
may  also  obtain  the  rotation  of  mercury  by  surrounding  a 
capsule  filled  "with  this  metal  with  a  fixed- circular  conductor, 
making  several  revolutions  around  the  capsule,  and  traversed 
by  a  current.     The  same  current  is  made  to  pass  through  the 
mercury,  making  it  penetrate  by  the  centre  and  come  out  by 
the  borders  of  the  movable  disc,  constituted  of  the  liquid. 
This  experiment  is  of  the  same  nature  as  that  of  the  movable 
rectilinear  conductor  {Fig,  108.)  set  in  rotation  by  the  action 
of  the   exterior   current.     Here   each  filament  of  mercury 
plays  the  part  of  the  movable  conductor.     In  order  that  the 
experiment  may  succeed  well,  we  have  merely  to  take  care 
that  the  current  be  very  powerful,  provided  it  is  to  be  dis- 
tributed over  the  whole  surface  of  the  mercury. 

An  interesting  observation  is  that  of  the  rotatory  movements 
assumed  by  mercury  in  the  interior  of  a  hollow  magnet,  and, 
of  their  comparison  with  those  of  mercury  placed  outside  this 
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magnet  In  the  interior  of  a  hollow  vertical  magnet^  closed 
at  its  lower  extremity,  we  place  a  certain  quantity  of  mercury, 
greater  or  less  as  the  case  may  be ;  the  current  arrives  by  a 
metal  point  plunged  in  the  centre  of  the  circular  surface  of 
the  mercury,  and  radiates  from  the  centre  toward  the  inner 
surface  of  the  hollow  magnet.  If  the  level  of  the  surface  of 
the  mercury  is  lower  than  the  plane  in  which  the  upper  pole 
of  the  magnet  is  situated,  the  rotation  occurs  in  the  direction 
determined  by  the  direction  of  the  currents  of  the  magnet ; 
it  attains  its  maximum  of  velocity  when  this  level  coincides 
with  the  middle  of  the  magnet  If  the  level  coincides  exactly 
with  the  plane  of  the  pole,  the  rotation  is  null ;  if  it  is  above 
that  plane,  it  occurs  in  an  opposite  direction.  This  result, 
which  is  analogous  to  what  we  have  already  mentioned  of  the 
opposed  action  of  the  two  parts  of  the  same  hce  of  a  magnet, 
situated  on  a  different  side  of  the  pole,  is  due,  as  we  have 
already  said,  to  the  particular  distribution  assumed  by  the 
molecular  currents  at  the  extremities  of  magnets.  When  the 
hollow  magnet  is  made  to  plunge  into  a  vessel  filled  with 
mercury,  taking  care  that  the  level  of  the  exterior  liquid 
coincides  with  that  of  the  interior  liquid,  we  see,  conformably 
with  what  should  follow  from  Ampere's  theory,  that  the 
surface  of  the  mercury  assumes  outside  a  rotatory  movement, 
contrary,  in  regard  to  its  direction,  to  that  which  occurs 
within. 

Mr.  Poggendorff,  who  has  lately  studied  carefully  the 
phenomena  of  the  rotation  of  mercury  under  magnetic  and 
electro-dynamic  influence,  has  also  observed,  as  I  had  pre- 
viously done  in  1824*,  that  the  direction  of  the  rotation  is 
different  according  to  the  part  of  the  magnet  with  which  the 
surface  of  the  mercury  that  transmits  the  current  is  in 
contact  He  has  remarked  in  particular  that  this  direction 
changes,  according  as  the  section  of  the  magnet  plunged 
vertically  into  a  vessel  full  of  mercury  is  above  or  below  the 
pole.     If  the  currents,  of  which  by  the  theory  a  magnet  is 

♦  Memoirs  of  the  Society  of  Physics  and  Natural  History  of  Geneva,  torn,  iil 
2nd  part,  p.  127. 
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constituted^  were  all,  from  one  extremity  of  the  ma^et  to 
the  other,  quite  parallel  with  each  other,  and  all  determined 
in  the  same  direction,  it  ought  not  to  be  so.  In  fact,  with  an 
electro-dynamic  helix  or  a  solenoid,  the  rotation  occurs  in 
the  same  direction  from  one  end  to  the  other ;  but  the  poles 
also  in  these  electro-magnets  are  at  the  very  extremity^ 
whilst  in  true  magnets  the  poles,  as  we  have  seen,  are  at  a 
short  distance  from  the  extremities.  It  is  this  same  circum- 
stance which  causes,  as  we  have  seen,  the  same  current  to 
exercbe  upon  the  same  face  of  a  magnet  an  attractive  or 
repulsive  action  according  as  it  acts  upon  the  portion  of  the 
magnet  situated  between  the  two  poles,  or  upon  those  which 
are  beyond  these  poles,  even  upon  the  same  side.  This  cha- 
racteristic difference  between  a  magnet  and  a  solenoid  is  very 
probably  due,  as  we  have  already  seen,  to  a  particular  ar- 
rangement of  molecular  currents  at  the  extremities  of  magnets, 
itself  arising  from  the  rather  complex  mutual  action  which 
these  currents  exercise  upon  each  other,  and  from  the  mole- 
cular constitution  of  the  magnetic  substance. 

Another  kind  of  rotation  is  that  which  is  obtained  by 
placing  between  the  two  approximate  poles  of  a  horse-shoe 
magnet,  a  metal  wheel  fixed  vertically  to  a  horizontal  axis 
that  passes  through  its  centre,  and  around  which  it  can 
turn  (Fig.  115.).  This  wheel  is  tangent,  in  the  lower  point  of 
its  circumference,  to  a  surface  of  mercury  placed  in  commu- 
nication with  one  of  the  poles  of  the  pile, 
whilst  the  other  communicates  by  means 
of  the  axis  with  the  centre  of  the  wheel. 
The  vertical  current  is  attracted  by  the 
combined  action  of  the  two  branches  of 
the  magnet ;  the  wheel,  obeying  this  attrac- 
tion, moves ;  as  the  part  that  was  traversed 
by  the  current  ceases  to  be  so  traversed, 
as  soon  as  it  ceases  to  be  vertical,  since  it 
is  no  longer  tangent  to  the  mercury,  the 
*^*  ^^  •  action  of  the  magnet  attracts  the  new  part 

of  the  wheel  which  has  replaced  the  former,  and  so  on; 
whence  residts  the  continuous  rotatory  movement 
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Action  of  the  terrestrial  Globe  upon  electric  Currents. 

We  have  already  seen^  in  the  first  paragraph  of  this 
Chapter,  that  a  wire  hent  into  a  circle  or  a  rectangle,  in  a 
word,  forming  a  plane  and  closed  curve,  when  traversed  by  a 
current,  and  movable  around  a  vertical  axis,  places  itself  in  a 
plane  perpendicular  to  the  magnetic  meridian,  and  so  that  the 
current  is  directed  from  east  to  west  in  its  lower  part  Am- 
pere discovered  further  that,  if  the  rectangle  is  movable 
around  a  horizontal  axis  so  as  to  be  perfectly  in  equilibrium 
in  all  its  positions  around  this  axis,  which  we  take  care  to 
arrange  perpendicular  to  the  magnetic  meridian,  it  places  itself 
in  such  a  position,  when  traversed  by  a  current,  that  its  plane 
is  perpendicular  to  the  direction  of  the  magnetised  dipping 
needle ;  the  current  is  always  directed  from  east  to  west,  in 
the  lower  side  of  the  rectangle  (Fig.  116.). 


Fiff.  116. 

In  all  these  experiments  a  circular  current,  a  rectangular 
one,  or  one  of  any  form,  behaves  like  the  section  of  the 
magnet,  the  form  and  size  of  which  would  be  those  of  the 
figure  formed  by  the  wire.  A  ring,  formed  of  several  circular 
or  rectangular  turns  of  the  same  wire,  covered  with  silk,  as 
is  done  in  M.  G.  de  la  Rive's  floats,  repres^its  several  con- 
tinuous sections  of  a  magnet,  and  is  able  more  easily  than 
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other  combinations  of  currents  to  obey  the  directive  action  of 
the  earthy  under  the  sway  of  a  very  small  voltaic  force,  such 
as  that  resulting  from  a  single  pair.  In  these  apparatus  we 
have  true  compasses ;  they  are  also  generally  provided  with 
small  card  arrows,  which,  by  means  of  a  piece  of  wood  or 
whalebone  rising  vertically  from  the  cork,  are  fixed  by  their 
centre  perpendicularly  to  the  plane  of  the  current  These 
arrows,  when  the  floats  have  acquired  the  position  that  is 
impressed  upon  them  by  the  terrestrial  globe,  are  found  to 
have  exactly  the  direction  of  the  compass  needle.  Care  is 
taken  so  to  place  the  point  of  the  arrow,  that  it  is  turned  to 
the  north  side  when  the  current  goes  from  east  to  west  in  the 
lower  part  of  the  ring  {Fig.  117.). 


Finally,  a  helix  of  a  not  very  large  diameter,  (from  two  to 
four  inches),  when  its  wire  is  traversed  by  a  current,  takes 
the  same  direction  as  a  true  magnet  would  take,  whose  axis 
should  be  the  same  as  that  of  the  helix.  For  this  experiment 
we  may  employ  the  helices  that  we  have  already  described, 
and  of  which,  under  the  name  of  electro-dynamic  cylinders  or 
solenoids,  we  have  determined  the  properties  as  being  alto- 
gether similar  to  those  of  magnets.  The  most  convenient 
apparatus  is  a  float,  in  which  the  ling  is  replaced  by  a  closed 
helix,  the  two  ends  of  which  return  interiorly  to  the  middle^ 
along  the  axis. 

The  employment  of  electric  currents  for  studying  the  di- 
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rective  action  of  the  earthy  presents  an  incontestible  advantage 
over  the  magnetised  needle.  With  the  magnet  we  have 
closed  currents  only ;  with  dynamic  electricity,  we  may  have 
open  as  well  as  closed  currents.  Now,  the  action  of  the  ter- 
restrial globe  upon  a  simple  rectilinear  unclosed  current,  may 
famish  interesting  results,  and  throw  new  lights  upon  ter- 
restrial magnetism.  It  was  this  study  I  made  in  1822,  by 
means  of  an  apparatus  of  which  I  will  give  briefly  the  de- 
scription. 

It  consists  (Fijr.  118.)  of  two  circular  canals  of  pipe-clay. 


i    ? 


rig,  lis. 

each  forming  a  ring,  the  one  being  of  a  little  less  diameter 
than  the  other ;  the  larger,  which  is  placed  lowest,  is  from 
12  to  15  inches  in  diameter ;  the  other,  at  least  1^  to  2  inches. 
The  two  canals  are  placed  horizontally,  one  above  the  other, 
at  a  distance  of  from  15  to  20  inches,  and  sustained  by  supports 
so  arranged  that  their  centre  is  on  the  same  vertical :  each  of 
the  two  circular  canals  is  from  1  inch  to  1 J  wide,  and  is  di- 
vided into  two  perfectly  equal  parts  by  small  transverse  par- 
titions placed  upon  the  same  diameter.  These  partitions, 
which  are  one  half  the  height  of  the  sides  of  the  canal,  may, 
when  we  wish  it,  be  covered  with  the  liquid  that  is  placed  in 
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the  canal,  so  that  the  two  compartments  into  which  it  is 
divided  form  but  one.  In  the  centre  of  the  ring  formed  by 
the  upper  canal  is  a  steel  cup,  that  may  be  raised  or  lowered 
at  pleasure  by  means  of  a  screw,  and  to  which  is  attached 
from  below  a  conductor  that  may  be  put  into  communication 
with  one  of  the  poles  of  the  pile.  The  liquid  contained  in 
each  of  the  four  compartments  may  also,  by  means  of  a  plar 
tinum  plate,  be  placed  in  the  voltaic  circuit  This  liquid  is 
mercury,  which  is  generally  covered  by  a  thin  film  of  diluted 
nitric  acid,  so  as  to  facilitate  tlie  motion  of  the  points  of  the 
conductors  that  are  plunged  into  it,  by  destroying  the  im- 
purities with  which  the  surface  of  the  metal  is  always  more 
or  less  covered. 

I  successively  placed  upon  this  apparatus  a  rectangle  de- 
prived of  its  lower  side,  of  its  upper  side,  and  of  both 
sides  at  the  same  time ;  and  I  found  that  when  the  remaining 
sides  were  traversed  by  the  current,  the  rectangle  was  directed 
exactly  as  if  it  had  its  four  sides.  It  always  placed  itself 
perpendicularly  to  the  magnetic  meridian,  so  that  the  current 
was  ascending  in  the  vertical  branch  situated  on  the  west, 
and  descending  in  that  situated  to  the  east.  The  inspection 
of  the  figure,  both  of  the  apparatus  and  of  the  conductor, 
readily  explains  how  the  current  may  be  made  to  traverse 
the  branches  of  the  rectangle  that  remain.  In  those  in  which 
the  upper  branch  is  wanting,  its  place  is  supplied  by  a  glass 
rod,  furnished  at  the  middle  of  its  length  with  a  point,  which, 
resting  upon  the  bottom  of  the  cup  that  is  fixed  at  the  centre 
of  the  upper  plate  of  the  apparatus,  carries  the  rectangle  at 
the  same  time  that  it  serves  itself  as  a  pivot  around  which  it 
can  turn.  The  parts  of  the  conductors  that  are  plunged  into 
the  mercury  are  platinum  points ;  and  care  must  be  taken  that 
they  simply  graze  the  surface  of  the  liquid,  so  as  to  render 
the  friction  as  trifling  as  possible.  With  regard  to  the  com- 
mimications  to  be  established  between  the  different  parts  of 
the  movable  conductors,  in  order  to  put  them  into  the  voltaic 
circuit,  they  are  all  affected  by  means  of  cups  filled  with 
mercury,  in  which  the  conductors  are  put  that  come  from  the 
circular  canals,  also  filled  with  mercury.     Finally,  I  reduced 
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the  rectangle  to  a  single  vertical  branch  fixed  at  the  extremity 
of  a  horizontal  glass  stem^  the  other  extremity  of  which  is 
loaded  with  a  counterpoise^  to  make  equilibrium  with  the 
wire.  The  two  circular  canals  were  entirely  filled  with  mer- 
cury, so  that  the  two  transverse  partitions  were  covered  with 
it,  and  the  movable  branch  might  freely  pass  around  the 
apparatus  without  ceasing  to  be  in  the  circuit.  Immediately 
it  is  traversed  by  the  current,  it  places  itself  so  that  the  plane 
that  it  forms  with  the  axis  around  which  it  is  situaiedy  is  perpen- 
dicular to  the  magnetic  meridian,  and  is  itself  on  the  east,  if  the 
current  that  it  transmits  is  descending,  and  to  the  west,  if  it  is 
ascending.  This  is  the  simple  law  of  the  directive  action 
exercised  by  the  earth  upon  a  vertical  rectilinear  current, 
movable  on  an  axis  that  is  parallel  to  it 

But  this  is  not  all:  it  is  important  to  know  what  is  the 
action  exercised  by  the  earth  upon  a  rectilinear  horizontal 
current.  Faraday  had  observed  that  such  a  current,  when 
free  to  move  parallel  to  itself,  advances  or  recedes  according 
as  it  is  moving  in  one  direction  or  the  other,  and  this  in  what* 
ever  azimuth  it  is  placed.  This  experiment  may  be  made  by 
suspending  from  its  centre,  by  means  of  a  long  thread  of 
waxed  silk,  and  consequently  without  torsion,  a  wire,  whose 
bent  extremities  are  each  plunged  lightly  into  a  glass  trough 
filled  with  mercury,  the  two  troughs  are  placed  parallel  to 
each  other.  Immediately  that  the  wire  is  in  the  voltaic 
circuit,  when  placed  perpendicularly  to  the  magnetic  meridian, 
it  is  seen  to  move  parallel  to  itself  towards  the  south,  if  the 
current  is  directed  from  east  to  west,  and  towards  the  north, 
if  it  is  directed  from  west  to  east  It  thus  advances,  from 
one  side  or  from  the  other,  according  to  its  direction,  and  this 
in  all  azimuths.  If,  for  example,  it  is  situated  in  the  direction 
of  the  magnetic  meridian,  it  goes  towards  the  east  side  if  the 
current  is  directed  from  north  to  south,  and  towards  the  west 
if  directed  from  south  to  north.  In  general  terms,  it  goes 
towards  the  observer  who  looks  at  it,  if  it  is  directed  from  ike 
right  to  the  lefr  of  this  observer,  and  moves  from  him,  if 
directed  from  his  left  to  his  right  In  order  to  demonstrate 
this  law,  we  may  employ  a  more  convenient  apparatus,  which 
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may  be  understood  by   the   mere  inspection  of  the   figure 
(Fig.Ud.y 


Fig.  119. 

It  follows  from  this  law,  that  a  horizontal  current,  fixed 
by  its  centre,  and  being  able  to  execute  no  other  movement 
than  one  of  rotation  around  this  centre,  will  remain  in  equi- 
librium under  the  action  of  the  earth,  since  it  cannot  obey 
the  effect  of  this  action,  which  is  to  make  it  advance  or  recede 
parallel  to  itself.  It  is  not  the  same  if,  instead  of  being  fixed 
by  its  centre,  the  horizontal  current  is  fixed  by  one  of  its 
extremities,  the  other  being  free ;  then,  by  tending  to  advance 
always  parallel  to  itself,  and  this  in  whatever  azimuth  it  is 
situated,  we  see  it  turn  by  a  continuous  rotatory  movement 
around  its  fixed  point  When  the  current  is  directed  from 
the  centre  of  rotation  to  the  free  extremity,  the  direction  of 
the  movement  is  such,  that,  by  supposing  the  free  extremity 
of  the  current  to  be  at  the  west,  it  is  first  directed  towards  the 
south,  continues  its  route  towards  the  east,  then  towards  the 
north,  in  order  to  return  to  the  west,  and  begin  again.  The 
reverse  occurs  if  the  current  is  directed  from  the  circumference 
to  the  centre. 

This  continuous  rotatory  movement,  which  is  brought  about 
by  the  action  of  the  earth,  may  be  easily  obtained  by  means  of 
the  apparatus  that  we  have  just  employed  (Fig.  118.).  A  wire 
carries  at  one  of  its  extremities  a  steel  point,  perpendicular  to 
its  length,  and  by  means  of  which  it  is  placed  in  the.  cup  filled 
with  mercury,  that  is  at  the  centre  of  the  upper  part  of  the 
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apparatus ;  the  other  extremity  of  the  wire  is  terminated  by  a 
platinum  point,  that  plunges  slightly  into  the  mercury  with 
which  the  upper  circular  canal  is  entirely  filled.  A  small  coun- 
terpoise, placed  on  the  side  of  the  point  opposite  to  that  where 
the  wire  is,  tends  to  preserve  to  the  wire  a  horizontal  position. 
One  of  the  poles  of  the  pile  is  placed  in  communication  with 
the  central  cup,  and  the  other  with  the  mercury  of  the  upper 
canal.  The  wire  is  thus  placed  in  the  circuit,  still  preserving 
its  mobility  entire.  The  phenomenon  is  still  more  marked 
when  from  the  centre  of  suspension  are  made  to  come  two, 
three,  or  four  similar  wires,  all  of  which  are  plunged  by  their 
free  extremities  in  the  mercury  of  the  circular  canal.  We 
must  then  employ  a  powerful  current,  which  is  equally 
divided  between  the  two,  three,  or  four  wires.  It  is  evident 
that,  as  the  current  traverses  them  all  in  the  same  direction, 
namely,  from  the  centre  to  the  circumference,  or  from  the 
circumference  to  the  centre,  they  tend  to  turn  in  the  same 
direction,  and  at  the  same  time ;  and  that  consequently  their 
effects  are  added  together.  The  experiment  generally  succeeds 
better  with  two  branches  than  with  a  greater  number,  because 
the  increase  of  friction,  when  the  number  of  points  that  plunge 
into  the  mercury  is  very  considerable,  causes  more  force  to  be 
lost  than  is  gained  by  the  multiplication  of  the  branches.  The 
length  of  the  vertical  branches,  by  which  the  horizontal  ones 
are  placed  in  communication  with  the  current,  is  entirely  an 
indifferent  matter,  provided  that  there  are  fz^o  or/owr  situated 
symmetrically  in  relation  to  the  axis. 

The  experimental  analysis  that  we  have  been  making 
clearly  shows  us  the  part  played  by  the  different  portions  of 
the  rectangular  current  in  the  two  fondamental  experiments 
of  Ampere.  In  that  of  the  constant  direction  impressed  by 
the  earth  upon  the  vertical  rectangle,  susceptible  of  turning 
aroxmd  a  central  and  vertical  axis,  the  two  horizontal  branches 
of  the  rectangle  do  not  experience  any  effect;  the  vertical 
alone  determine  the  direction.  In  the  experiment  of  the 
rectangle,  susceptible  of  turning  around  a  horizontal  axis 
alone,  the  direction  perpendicular  to  that  of  the  dipping 
needle,  which  is  taken  by  the  plane  of  the  current,  arises 
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only  firom  the  action  exercised  upon  the  two  branches  parallel 
to  the  axis,  one  of  which,  that  wherein  the  current  moves 
from  east  to  west,  is  carried  toward  the  south ;  and  the  other, 
that  wherein  the  current  is  directed  from  west  to  east,  is 
carried  toward  the  north.  The  two  lateral  branches,  per- 
pendicular to  the  axis  of  rotation,  not  being  able  to  advance 
in  either  direction  parallel  to  themselves,  do  not  experience 
any  action,  and  do  not  therefore  contribute  to  the  direction 
taken  by  the  movable  conductor. 

The  following  is  a  much  more  simple  apparatus  than  that 
which  we  have  employed  for  demonstrating  the  directive  action 
of  the  earth  upon  a  vertical  current  {Fig.  120.).     It  consists 

of  a  vertical  wire  terminated 
above  and  below  by  two  hori^ 
zontal  branches,  the  upper  one 
of  which  carries  a  steel  point, 
and  is  prolonged  beyond  this 
point  to  carry  a  counterpoise, 
and  the  lower  of  which  is  ter- 
minated by  a  platinum  point. 
The  steel  point  rests  on  the 
bottom  of  a  cup  fiUed  with 
mercury,  situated  at  the  top  of 
a  metal  stem;  the  platinum 
plunges  into  a  small  annular 
canal  filled  with  mercury,  which  surrounds  the  base  of 
this  stem  without  being  in  metallic  communication  with  it 
One  of  the  poles  is  placed  in  communication  with  the  mer- 
cury of  the  canal,  and  the  other  with  the  central  stem; 
and  the  vertical  movable  wire  places  itself  conformably  to  the 
law  that  we  have  established.  It  is  evident  that  the  two 
horizontal  branches  of  the  same  length,  and  traversed  by  the 
same  current,  but  in  an  opposite  direction,  do  not  experience 
any  action,  because,  being  on  the  same  side  of  the  axis,  their 
contrary  effects  neutralise  each  other.  We  may  adapt  to  the 
floating  pile  a  similar  conductor. 

We  have  already  spoken  of  Ampere's  hypothesis  of  the  cause 
of  terrestrial  magnetisation.     He  admits  that  the  terrestrial 
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globe  is  surrounded  by  electric  currents,  all  directed  from 
east  to  west,  and  situated  at  a  small  depth  below  the  sur- 
face of  the  soil.  These  currents,  like  those  of  the  magnet 
or  of  a  solenoid,  have  a  resultant  that  is  situated  in  the 
middle,  and,  consequently,  in  this  case,  in  the  magnetic 
equator ;  we  may  therefore  consider  their  action  as  equivalent 
to  that  which  would  be  exercised  by  a  girdle  of  powerfiil  cur- 
rents directed  irom  east  to  west  on  the  magnetic  equator.  It 
is  not  difficult  to  prove  that  the  action  of  this  girdle  of  currents 
upon  the  movable  currents  ought  to  produce  exactly  the  effects 
that  have  been  disclosed  to  us  by  experiment  For  this  pur- 
pose, it  is  sufficient  to  show  that  it  explains  the  two  laws,  to 
which  we  have  seen  that  all  the  phenomena  may  be  traced. 

1st.  A  vertical  current,  movable  around  a  vertical  axis, 
always  places  itself  so  that  the  plane  by  which  it  is  united  to 
its  axis  is  perpendicular  to  the  magnetic  meridian,  and  that 
it  is  itself  either  to  the  east  of  this  axis  if  it  is  descending, 
and  to  the  west  if  it  is  ascending. 

2nd.  A  horizontal  current,  susceptible  of  moving  parallel 
to  itself,  advances  or  recedes  according  as  it  is  moving  in  one 
direction  or  in  another,  whatever  be  the  azimuth  in  which  it 
is  placed. 

These  two  laws  are  the  consequence  of  the  action  of  the 
equatorial  current  upon  the  movable  currents. 

In  order  to  demonstrate  it,  in  as  far  as  the  former  is 
concerned,  let  us  suppose  an  indefinite  horizontal  current 
representing  that  of  the  equator,  and  directed  from  east  to 
west  {Fig.  121.),  and  a  vertical  current,  movable  about  its 
axis,  situated  in  a  different  plane.  Let  us  draw  the  right 
line,  that  measures  the  shortest  distance  between  the  two 
currents.  It  is  the  summit  of  the  diedral  angle,  which  they 
form.  If  the  movable  current  is  descending,  it  is  evident  that 
it  is  directed  toward  the  summit  of  the  angle,  as  well  as  is  the 
portion  of  the  fixed  current  situated  to  the  east  of  this  summit ; 
it  is  therefore  attracted  by  this  portion  and  repelled  by  the 
other;  it  therefore  tends  to  move  towards  the  east  If  we 
decompose  the  force  that  brings  it  there,  and  which  is  parallel 
to  the  direction  of  the  indefinite  currents,  into  two  companentSy 
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one  directed  to  the  plane  that  unites  the  current  to  its  axis, 
and  perpendicular  to  this  axis,  the  other  perpendicular  to  this 


FI9.  isi. 

plane,  we  see  that  the  former  is  destroyed  by  the  resistance 
of  the  axis,  and  the  latter  alone  causes  the  current  to  move, 
which  consequently  places  itself  so  that  its  plane  is  parallel  to 
the  indefinite  current,  and  is  itself  on  the  side  of  the  east.  It 
is  in  equilibrium  in  this  position ;  for  th^i  the  component, 
which  causes  it  to  move,  becomes  null.  If  the  current  is 
ascending,  it  is  to  the  west  and  not  to  the  east  that  it  is 
carried ;  and  it  also  remains  in  equilibrium  when  the  plane 
that  unites  it  to  its  axis  is  parallel  to  the  indefinite  current. 
Now  this  indefinite  current  is  situated  in  the  magnetic  equator ; 
consequently,  every  plane  that  is  parallel  to  this  equator  is 
perpendicular  to  the  magnetic  meridian.  The  axis,  in  the 
two  cases  of  equilibrium,  ought  to  experience  a  traction 
arising  from  the  tendency  the  current  has  always  to  move 
more  to  the  east  if  it  is  descending,  and  to  the  west  if  it  is 
ascending;  a  tendency  by  virtue  of  which,  if  it  were  free 
and  insulated,  it  would  turn  constantly  around  the  terrestrial 
globe,  from  west  to  east  in  the  former  case,  and  from  east  to 
west  in  the  latter.  But  this  hypothesis,  as  we  can  readily 
understand,  is  impossible  of  realisation,  for  it  would  be  neces« 
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sary  that  the  wire  that  transmits  the  current  should  form 
part  of  a  voltaic  circuit. 

The  second  law  is  a  still  more  direct  consequence,  so  to 
speak,  than  the  former  of  the  action  of  the  equatorial  current. 
Whatever  be  the  angle  that  the  movable  horizontal  current 
forms  with  the  fixed  current,  whether  this  angle  be  acute, 
right,  or  obtuse,  or  even  be  null,  as  occurs  when  the  two 
currents  are  parallel,  it  is  evident  that  the  two  portions  of  the 
fixed  current,  by  which  the  summit  of  the  angle  is  separated, 
concur  to  drive  the  movable  wire  to  that  side  of  its  two 
portions  whose  current  is  moving  in  the  same  relative  di- 
rection. The  mode  of  suspension  can  alone  arrest  the  move- 
ment. If  the  horizontal  current  is  movable  around  an  axis 
which  is  parallel  to  it  but  situated  above,  we  see  it  rise  and 
place  itself  in  the  same  horizontal  plane  as  its  axis,  when  the 
latter  is  in  the  magnetic  meridian ;  we  must  only  add  to  the 
axis  a  counterpoise,  so  as  to  neutralise  as  much  as  possible 
the  efiect  of  gravity  upon  the  wire  by  which  the  current  is 
transmitted.  The  apparatus  that  we  have  employed  above 
to  demonstrate  that  a  closed  circuit  may  place  itself  perpen- 
dicular to  the  dipping  needle  {Fig,  116.)  is  the  best  for  making 
this  experiment,  providing  we  take  the  precaution  so  to  place 
it  that  its  axis  is  not  perpendicular,  but  rather  parallel  to 
the  magnetic  meridian.  Moreover,  this  horizontal  position, 
which  is  assumed  by  the  plane  of  the  current,  is  entirely  in 
accordance  with  the  perfectly  vertical  direction  assumed  by 
the  dipping  needle,  when  its  axis  is  in  the  magnetic  meridian, 
or,  which  comes  to  the  same  thing,  when  the  plane  in  which 
it  moves  is  perpendicular  to  this  meridian. 

Finally,  if  we  examine  attentively  the  explanation  that  we 
have  been  giving  of  the  two  laws,  we  shall  see  that  it  is 
exactly  the  same,  which  proves  that  the  former  is  only  a 
particular  case  of  the  latter,  and  that  they  are  both  included 
in  the  general  law  of  the  action  that  is  exercised  by  an  inde- 
finite fixed  current  upon  a  finite  rectilinear  current,  movable 
around  an  axis  which  is  parallel  to  it,  and  which  is  directed 
in  any  manner  in  space. 

We  have  already  seen  that  the  continuous  rotatory  move- 
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ment  that  a  current  undergoes  by  the  action  of  the  earth  is  a 
direct  consequence  of  the  second  law^  and  is  explained  in  the 
same  way.  We  may  easily  obtain  proof  of  this  by  casting 
the  eye  upon  the  figure  that  traces  the  different  positions  of 
the  movable  current  in  respect  to  the  equatorial  current,  and 
which  are  all  such  as  would  result  from  a  movement  always 
carried  on  in  the  same  direction,  according  to  the  law  of 
angular  currents  (Fig,  122.). 


jFV^.  122. 

Ampfere's  hypothesis,  therefore,  on  the  nature  of  terrestrial 
magnetism,  explains,  in  the  most  satisfactory  manner,  the 
action  of  the  earth  upon  movable  currents.  Can  we  say  as 
much  with  regard  to  the  action  of  the  earth  upon  magnetised 
needles  ?  It  seems  that  we  may  answer  Yes  I  since  all  mag- 
netic phenomena  are  perfectly  well  explained  by  supposing 
that  magnets  are  only  an  assemblage  of  currents ;  hence  the 
latter  action  is  comprehended  in  the  former.  However,  these 
currents,  and  those  with  which  we  have  been  operating,  are 
of  a  finite  magnitude ;  this  is  true ;  but  at  the  distance  at 
which  the  terrestrial  currents  are  situated  from  the  movable 
current,  there  is  no  great  difference  between  a  current  of  an 
inch  or  so  in  length,  and  the  molecular  current  of  a  magnet. 
However,  we  must  not  conceal  from  ourselves  that  experi- 
ments still  require  to  be  made,  in  order  to  establish  upon 
solid  bases  the  identity  between  the  cause  that  determines  the 
direction  of  electric  currents,  and  that  which  produces  the 
direction  of  magnets.  In  particular,  when  once  it  has  been 
well  proved  that  it  is  the  vertical  currents,  and  in  no  degree 
the  horizontal  currents,  that  determine  the  directive  action  of 
the  earth  upon  a  rectangular  current,  it  appears  to  us  singular 
that  compass  needles  are  so  thin  and  so  wide :  is  there  not 
some  error  in  this?  and  would  not  the  inverse  be  better? 
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At  least  the  subject  would  deserve  to  be  taken  up,  and  it 
would  be  interesting,  as  much  in  theory  as  in  practice,  to 
determine,  better  than  has  been  done,  the  best  form  that  should 
be  given  to  compass  needles. 

It  would  remain  to  us  to  examine  to  what  degree  the 
existence  of  currents  in  a  direction  from  east  to  west  below 
the  surface  is  possible ;  to  what  cause  they  may  be  attributed ; 
if  they  are  reconcilable  with  the  other  phenomena  of  terrestrial 
physics :  finally,  if  they  may  be  perceived  directly.  These 
are  so  many  interesting  questions,  of  which  we  shall  treat  in 
the  Fifth  Part,  the  subject  of  which  is  terrestrial  electricitt/  or 
magnetism.  We  shall  then  see  which  h}'pothesis  of  the  nature 
of  this  magnetism  is  most  calculated  to  account  both  for  its 
action  upon  electric  currents  and  upon  the  magnetised  needle ; 
and  if  this  double  action  may  be  readily  included  in  the  same 
explanation. 
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CHAP.   HI. 
ON  MAONBTISATION  BT  DTNAMIC  ELECTBICITT. 

We  have  already  seen^  in  the  preceding  Chapter^  that  imme- 
diately after  Oersted's  discovery^  M.  Arago  showed  that  an 
electric  current  attracts  iron  filings  aad  produces  magnetisation 
just  as  a  magnet  would  do.  He  always  found  that,  in  order 
to  impress  a  more  decided  magnetism  upon  a  steel  needle,  it 
was  necessary  to  employ  a  conductor  bent  into  a  helix,  within 
the  axis  of  which  he  placed  the  needle,  instead  of  using  the 
rectilinear  current.  T^e  influence  of  this  form,  when  given 
to  a  conductor  in  electro-magnetic  phenomena,  is  altogether  in 
harmony  with  Amp^e's  theoretical  ideas.  M.  Arago  equally 
succeeded  in  magnetising  a  needle,  whether  emplojring  the 
current  of  the  pile  or  the  discharge  of  an  electrical  machine ; 
and,  which  is  still  better,  that  of  a  Leyden  jar.  Davy,  on  his 
part,  had  shown  that  a  needle  may  be  magnetised  by  placing 
it  transversely  over  a  wire  traversed  by  a  voltaic  current,  or 
by  an  electric  discharge.  No  long  time  elapsed  before  it  was 
demonstrated  that  the  employment  of  electric  currents,  which 
is  excellent  for  magnetising  soft  iron,  whose  coercitive  force 
is  almost  null,  is  insufficient  to  impress  powerful  magnetism 
upon  steel  needles,  whose  coercitive  force  cannot  be  completely 
overcome,  especially  when  they  are  tempered,  except  by  the 
discharge  of  one  or  more  Leyden  jars. 

We  will  proceed,  therefore,  to  study  in  succession  the  mag- 
netisation of  steel,  produced  essentially  by  electric  discharges ; 
that  of  soft  iron,  produced  especially  by  electric  currents ;  and 
the  various  phenomena,  especially  the  molecular,  that  give  evi- 
dence of  the  magnetisation  developed  by  dynamic  electricity. 

Magnetisation  of  SteeL 
When  a  steel  needle  is  magnetised  by  passing  the  discharge 
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or  a  current  through  the  wire  of  a  helix^  the  precaution  must 
be  taken  of  placing  the  needle  in  a  glass  tube^  around  which 
the  wire  is  coiled,  in  order  to  prevent  the  electricity  passing 
through  the  needle,  bj  the  contact  of  the  steel  with  the  wire, 
instead  of  making  the  tour  of  the  spirals.  K  we  examine 
the  position  of  the  north  and  south  poles  in  a  needle  thus 
magnetised,  we  find,  by  admitting  Ampere's  theory,  that  the 
discharge  has  determined  currents  in  the  steel  pursuing  the 
same  direction  as  that  which  has  produced  the  magnetisation ; 
which  ought  to  be  the  case  in  this  theory,  because  mag* 
netisation  consists  in  giving  a  uniform  direction  to  the  electric 
currents,  pre-existing  around  the  particles  of  steel  or  iron. 
This  e£Pect  is  produced  in  the  most  direct  and  most  advan* 
tageous  manner  by  the  action  of  exterior  currents,  arranged 
as  the  molecular  currents  should  be  in  the  magnetic  body, 
were  it  magnetised,  and  which  oblige  these  latter  to  place 
themselves  in  the  same  direction  as  they  have  themselves, 
and  consequently  in  a  position  parallel  to  each  other. 

Independently  of  the  direction  according  to  which  the  dis- 
charge traverses,  the  direction  in  which  the  helix  is  wound 
naturally  influences  the  direction  of  the  currents,  and  con- 
sequently the  position  of  the  magnetic  poles.  In  a  right' 
handed  helix,  namely,  one  in  which  the  wire  is  wound  to  the 
right,  the  south  pole  of  the  needle  is  always  at  the  extremity 
through  which  either  the  discharge  or  the  current  enters ;  or, 
which  comes  to  the  same  thing,  at  the  extremity  that  is  in 
communication  with  the  positive  electricity.  In  the  left^tianded 
helix,  namely,  that  in  which  the  wire  is  wound  towards  the 
left,  the  north  pole  is  at  the  extremity  through  which  the 
positive  electricity  enters.  This  also  is  a  rigorous  consequence 
of  Amp^'s  theory,  as  is  demonstrated  by  the  directio   of  the 


current  {Fig.  123.).     M.  Arago,  having  wound  a  long  wire 
around  the  same  tube  so  as  to  make  in  succession  several 
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helices  contrary  to  each  other,  and  having  placed  therein  a 
long  steel  needle,  and  after  having  made  a  powerful  discharge 
or  an  energetic  current  traverse  the  system  of  helices,  found 
that  the  needle  was  magnetised,  but  that  it  presented  a 
consecutive  point  at  the  junction  of  each  helix*  With  two 
contrary  helices,  we  obtain  the  same  pole  at  each  of  the 
extremities  of  the  needle,  and  a  single  contrary  pole  in  the 
middle ;  that  is  to  say,  three  poles :  with  three  helices,  we 
obtain  contrary  poles  at  the  two  extremities,  and  two  con- 
secutive points  between  each  pair ;  and  so  on.  M.  Arago  also 
recognised  that,  if  the  helix  is  long  in  respect  to  its  diameter, 
and  if  the  spirals  are  very  near  together,  the  position  of  the 
needle  in  the  interior  of  the  tube  has  no  influence  over  the 
degree  of  magnetism  that  it  acquires,  provided  that  it  is 
always  placed  parallel  to  the  axis.  The  magnetisation  is  very 
feeble  if  the  needle  is  placed  exteriorly  to  the  helix,  even 
when  care  is  taken  to  place  it  as  near  as  possible,  and  in  a 
position  parallel  to  the  axis. 

M.  Nobili  endeavoured  to  employ  a  flat  spiral  for  mag- 
netisation instead  of  a  helix,  such  as  Arago  had  employed,  or 
a  straight  wire,  such  as  Davy  had  used.  He  placed  the  steel 
needles  between  the  spirals,  insulated  from  each  other,  and 
perpendicularly  to  their  plane ;  he  passed  an  electric  discharge 
through  all  the  wire  of  the  spiral.  The  needles  situated  near 
the  centre  were  magnetised  in  a  contrary  direction  from  that 
in  which  those  were  magnetised  that  were  at  a  greater  dis- 
tance off ;  and  there  was  a  point,  at  a  certain  distance  from 
the  centre,  where  the  magnetisation  was  null.  We  should 
remark  that,  in  this  experiment,  each  needle  is  placed  between 
two  currents,  which,  moving  in  the  same  direction,  ought  to 
give  it  a  different  magnetisation ;  for  in  order  that  the  action 
of  the  currents  should  conspire,  it  would  be  necessary  that 
the  current  situated  on  one  side  of  the  needle  should  move  in 
a  contrary  direction  from  the  current  situated  on  the  other 
side.  The  definitive  magnetisation,  therefore,  depends  upon 
the  relative  intensity  of  the  two  currents  whose  individual 
action  is  opposed.  We  shall  see  further  on  why  near  the 
centre  the  one  prevails,  and  why  near  the  edge  of  the  spiral 
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it  is  the  other.  We  must  first  analyse  this  class  of  effects 
in  less  complicated  cases.  This  analysis  was  first  made  by 
M.  Sayary,  and  afterwards  completed  by  M.  Abria.  We 
will  put  forth  the  remarkable  results  to  which  these  two 
philosophers  successively  arrived. 

The  first  of  these  results  is^  that  the  intensity  and  even  the 
direction  of  the  magnetisation  produced  upon  a  steel  needle 
by  a  discharge  transmitted  through  a  rectilinear  wire^  depends 
upon  the  distance  of  the  needle  from  this  wire ;  in  such  sort 
that  the  intensity^  far  from  diminishing  constantly  with  the 
distance,  augments  with  it  from  a  certain  point,  where  it  is  at 
its  miniTTiiim ;  and  that,  on  the  same  side  of  the  wire  for  a 
given  direction  of  discharge,  the  same  magnetic  poles  are 
found  placed  at  one  extremity  or  at  the  other,  according  to  the 
distance  of  the  needle  or  the  conductor.  Thus,  near  the  wire, 
the  poles  are  placed  conformably  to  theory ;  but  at  a  greater 
distance,  and  by  the  mere  fact  of  this  augmentation  of  dis- 
tance, they  are  found  placed  in  a  contrary  direction.  The 
wire  employed  by  M.  Savary  for  transmitting  this  discharge 
was  of  platinum,  was  about  two  yards  (two  metres)  in  length 
and  T^xT^^  ^*  '^^  diameter.  The  steel  needles,  which  were  all 
as  much  alike  as  possible  and  strongly  tempered,  were  about 
^  an  inch  in  length  ('5895  in.),  and  j^xyth  in.  (-0098  in.)  in 
diameter.  He  judged  of  the  intensity  of  the  magnetism  that 
they  had  acquired  by  the  number  of  oscillations  they  made 
under  the  influence  of  terrestrial  magnetism.  The  electric 
discharge  was  produced  from  a  battery  of  22  sq.  ft.  of  surface. 
In  order  to  prevent  the  needles  being  mutually  influenced, 
they  were  not  placed  vertically  above  each  other ;  but  care 
was  taken,  while  still  placing  them  at  different  heights  above 
the  wire,  of  separating  them  in  the  horizontal  direction; 
which  was  easily  done,  in  conseyence  of  the  length  of  the 
discharging  wire. 

The  following  table  points  out  for  each  needle,  beside  its 
vertical  distance  above  the  wire,  the  duration  of  60  oscillations 
and  the  direction  of  the  magnetism  that  it  has  acquired  by 
the  effect  of  the  discharge.  The  positive  direction  is  that 
which  corresponds  to  the  direction  of  the  current,  conformably 
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to  theory;   the  negative  direction   is  that  opposed   to  this 
direction.     The  following  is  the  table : — 


DiatanceoftheWire 
in  Twentieths  c^ 

Domtion  of  60 

Direction  of  Mag- 

an  Inch. 

OBdlladons. 

netiaatioiL 

/        // 

1st 

In  contact. 

52-4 

Positive 

2nd 

1 

1       3-8 

do. 

3rd 

2 

1     12*8 

Negative 

4th 

3 

44-6 

do. 

5th 

4 

400 

do. 

6th 

5 

41-8 

do. 

7th 

6 

44-8 

do. 

8th 

7 

58-2 

do. 

9th 

8 

1     20-1 

do. 

lOth 

9 

I     520 

Positive 

nth 

H 

1     18-6 

do. 

12th 

10 

1       1-0 

do. 

I3th 

11 

49-6 

do. 

14th 

13 

38-2 

do. 

15th 

15 

83-8 

do. 

16th 

17 

81-3 

do. 

17th 

19 

29-5 

do. 

18th 

22(=lTVin.) 
27  ?=lAin.) 

80-8 

do. 

19th 

29-8 

do. 

20th 

36  (=14  in.) 
56  (=24  in.) 

35-9 

do. 

2l8t 

55-6 

do. 

22nd 

80  (=4  in.) 
100  (=5  in.) 

1     27-6 

do. 

23rd 

1     48-0 

do. 

From  this  table  we  see  that,  even  at  ^  in.  distance, 
the  direction  of  the  magnetisation  changes,  although,  when 
in  contact  or  at  ^^^  in.  distance,  it  was  positive.  At  ^^  in. 
distance  it  again  became  positive,  and  it  remained  so  to  5 
inches.  With  regard  to  the  intensity,  it  is  at  its  maximum 
for  needles  positively  magnetised  when  in  contact  and  when 
at  a  height  of  ^^  in. ;  the  latter  maximum  is  even  sensibly 
stronger  than  the  former.  The  maximum  for  negatively 
magnetised  needles  occurs  at  ^^  in.  from  the  wire.  The 
minimum  occurs  at  the  distances  where  the  signs  change. 
In  another  experiment,  in  which  the  platinum  wire  was 
reduced  to  a  length  one  half  less,  one  yard  only,  Savary 
obtained  four  changes  in  the  direction  of  the  magnetisation. 
The  last  maximum  occurred  at  a  height  of  If  inches ;  while 
it  was  at  1^  inches  in  the  former  experiments. 
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I£y  without  changing  the  length  of  the  discharging  wire^  we 
merely  change  its  diameter,  we  modify  the  distances  at  which 
the  changes  in  the  direction  of  the  magnetisation  occur ;  with 
a  wire  of  very  fine  diameter,  for  instance,  ^^  in.  there  are 
no  longer  any  of  these  changes ;  and  the  maximum  of  intensity 
is  at  ^  an  inch,  namely,  at  a  distance  five  times  less  than 
when  we  operate  with  a  platinum  wire  three  times  thicker. 

The  intensity  of  the  magnetisation,  all  other  circumstances 
being  the  same,  is  greater  as  the  length  of  the  wire  is  less  in 
proportion  to  its  diameter.  This  increase,  however,  has  a 
limit,  and  a  wire  of  a  yard  gives  the  highest  absolute  max- 
imimi  when  it  is  y^jj  in.  in  diameter:  at  the  distance  at 
which  this  maximum  occurs,  namely,  at  ^  an  inch,  the  needle 
is  magnetised  to  saturation ;  for  greater  lengths  the  intensity 
is  less.  The  relative  maxima  for  each  length  are  found 
nearer  the  wire  as  the  latter  is  longer.  We  need  scarcely 
remark  that,  in  each  case,  the  absolute  intensity  of  the  effects 
increases  with  that  of  the  discharge. 

The  influence  exerted  by  the  length  and  the  diameter  of 
the  conducting  wire  seems  connected  with  the  greater  or  less 
retardation  which  these  two  circumstances  exert  over  the  dis- 
charge; for,  in  a  closed  circuit  of  three  wires  of  xmequal 
diameters,  joined  end  to  end,  the  effect  of  the  discharge  is 
the  same,  whichever  of  the  three  wires  is  placed  above  the 
needle.  This  result  arises  from  the  discharge  travelling  with 
the  same  velocity  in  all  parts  of  the  same  circuit,  however 
different  be  the  various  conductor  of  which  the  circuit  is 
composed,  provided  they  are  placed  one  after  the  other,  and  all 
traversed  simultaneously  by  the  discharge,  or  by  the  current. 
The  temper  and  the  size  of  the  steel  needles  exercise  a  very 
marked  influence  over  the  results;  untempered  needles  do 
not  present  any  change  of  signs,  whilst  those  that  are  stifiSy 
tempered  present  at  least  three.  In  like  manner,  if  the  dia^- 
meter  of  the  needle  is  somewhat  considerable,  the  maximum 
magnetisation  occurs  at  contact,  and  there  is  a  continuous  de- 
crease of  intensity,  in  proportion  as  it  is  removed  from  the 
wire.  A  tempered  needle  of  large  diameter  is  thus  approxi- 
mated to  an  untempered  needle,  which  may  be  explained  by 
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remarking  that  temper  only  acts  upon  the  surface,  and  that, 
in  a  large  needle,  the  surface  is  much  less,  in  comparison  with 
the  total  mass,  than  in  a  small  one. 

M.  Savary  also  studied  magnetisation  produced  by  helices, 
and  he  added  some  fresh  facts  to  those  that  had  been  obseryed 
by  Arago.  With  a  brass  wire,  2*62  feet  in  length  and  y^^  in. 
in  diameter,  coiled  into  a  helix  around  a  wooden  tube  about 
^  inch  in  diameter,  so  that  the  distance  between  two  con- 
secutive spirals  of  the  helix  was  about  ^  in.,  he  obtained  six 
changes  in  the  direction  of  the  magnetisation  by  employing 
discharges  of  a  successively  increasing  intensity.  The  needles, 
however,  all  similar,  and  tempered  hard,  were  about  y^^  in. 
in  diameter,  and  y^^  in.  in  length.  If  we  increase  the  total 
length  of  the  wire  without  changing  the  portion  coiled  into 
a  helix,  we  end  by  having  no  more  reversing  of  magne- 
tisation, but  merely  variation  in  the  intensity,  in  proportion 
as  that  of  the  discharge  increases.  The  length  of  the  steel 
needles  placed  in  the  interior  of  a  helix  exercises  no  influence 
over  the  direction  of  the  magnetism,  but  simply  over  its 
intensity.  Fragments  of  long  needles  magnetised  directly 
have  less  magnetism  than  similar  fragments  have,  that  are 
obtained  by  breaking  a  needle  previously  magnetised  by  a 
discharge  of  the  same  power. 

Among  the  results  to  which  M.  Savary  arrived,  we  have 
yet  to  point  out  some  no  less  remarkable  than  those  that  we 
have  been  detailing ;  it  is  in  reference  to  the  influence  exerted 
upon  magnetisation  produced  by  means  of  electricity  by  the 
interposition  of  certain  media  between  the  wire  by  which  the 
discharge  is  conducted,  and  the  steel  needle  that  is  submitted 
to  its  action.  M.  Arago  had  observed  that  wood,  glass,  and 
insulating  bodies  in  general,  in  no  degree  modify  this  action ; 
but  it  is  not  the  same  if  the  interposed  body  is  a  conductor 
of  electricity.  M.  Savary  found  that,  if  two  similar  needles 
are  placed  in  a  helix,  the  one  without  an  envelope,  the  other 
surrounded  by  a  thick  cylinder  of  copper  insulated  from  the 
wire  of  the  spirals,  the  discharge  that  magnetises  the  former 
powerfully  does  not  produce  any  efiect  upon  the  latter.  But, 
by  gradually  diminishing  the  thickness  of  the  envelope,  the 
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intensity  of  the  discharge  remains  the  same ;  the  enveloped 
needle  commences  experiencing  an  action  which  gradually 
becomes  sensible.  Observations  of  this  kind  are  easily  made 
by  employing  plates  of  tin-foil  as  envelopes^  the  thickness  of 
which  may  be  diminished  or  augmented  at  pleasure  by  un- 
rolling them  or  rolling  them  up.  It  may  even  happen  that^  for 
a  certain  thickness^  the  enveloped  needle  acquires  a  more 
powerAil  magnetism  than  the  one  without  an  envelope.  Fi- 
nally, it  is  to  be  noted  that  the  envelope  sometimes  changes 
the  direction  of  the  magnetisation.  Thus  of  three  needles, 
placed,  one  in  a  copper  cylinder  ^  inch  in  diameter,  the  second 
in  a  tin  cylinder  of  the  same  size,  and  the  third  without  an 
envelope,  the  former  was  the  least  magnetised,  making  60 
oscillations  in  2'  S5^' ;  the  second  the  most,  making  them  in 
45^' ;  and  the  third  in  1'  52'\  This  latter  was  magnetised  in  a 
contrary  direction  to  the  other  two. 

It  is  necessary  that  the  enveloping  body  should  form  a  con- 
tinuous surface :  if  it  is  in  powder  it  does  not  produce  any 
effect ;  it  is  true  that,  in  this  condition,  it  ceases  to  be  a  con- 
ductor of  electricity.  Furthermore,  it  is  of  little  consequence 
whether  the  enveloping  plates  be  separated  from  each  other 
by  insulating  strata,  or  be  in  inmaediate  contact :  the  effect 
remains  the  same,  providing  that  each  of  them  is  continuous. 
Mercury  behaves  like  other  metals,  only  its  influence  is  less 
decided. 

Other  experiments  have  been  also  made  by  M.  Savary,  by 
interposing  between  the  rectilinear  conductor  that  transmits 
a  discharge,  and  the  needle  that  is  to  be  magnetised,  metal 
plates  of  different  natures  and  of  different  thicknesses :  this 
curious  result  follows,  that,  for  very  feeble  discharges,  a  con- 
ducting plate,  such  as  a  plate  of  copper,  greatly  weakens 
the  magnetisation,  whilst  it  augments  it  if  the  discharge  is 
powerftil.  A  thin  and  a  thick  plate  may  produce  very  diffe- 
rent effects  for  the  same  intensity  of  discharge,  and  there  is  a 
certain  thickness  with  which  the  effect  is  null.  If  the  needles 
are  placed  upon  the  conducting  plate  and  the  wire  that  con- 
ducts the  discharge  above  it,  it  is  found  that  the  presence  of 
the  plate  increases  the  intensity  of  the  magnetisation;  and 
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the  more  so  as  it  is  thicker.  However^  there  is  a  certain 
intensity  o£  discharge  for  which  a  thick  plate  increases^  and  a 
thin  plate  diminishes,  the  intensity  of  the  magnetisation.  For 
still  more  powerful  discharges  there  is  a  diminution,  whatever 
be  the  thickness ;  and  there  is  even  a  point  at  which  the  in- 
fluence of  the  plate  gives  the  needle  a  contrary  magnetism  to 
that  which  the  current  itself  developes.  We  see  by  this  that 
the  effects  are  very  different,  and  even  opposite,  according  as 
the  plate  is  between  the  needle  and  the  discharging  wire,  or 
as  the  needle  is  between  the  wire  and  the  plate. 

M.  Savary  repeated  with  electric  currents  the  greater  part 
of  the  experiments  that  he  had  made  with  discharges;  and 
he  found  that  the  effects  produced  by  these  two  forms  under 
which  dynamic  electricity  is  presented  are  the  more  similar, 
as  the  pile  has  higher  tension,  and  as  it  is  charged  with  a  liquid 
that  conducts  less.  Moreover,  the  effects  in  general  are 
less  decided  with  currents  than  with  discharges,  especially  in 
as  far  as  concerns  the  changes  which  the  direction  of  the 
magnetisation  undergoes  when  there  is  a.  variation  in  the 
distance  of  the  needles  from  the  conducting  wire.  Magnetisation 
is  brought  about  in  a  very  decided  manner,  if  steel  needles 
are  placed  in  the  interior  of  a  helix  traversed  by  the  current. 
The  influence  of  conducting  envelopes  is  also  felt  in  this  case ; 
but  what  is  curious  is,  that  it  is  more  sensible  as  the  pile  that 
produces  the  current  is  feebler. 

We  shall  not  at  present  endeavour  to  connect  the  facts  that 
we  have  been  relating  with  any  theory.  Those  which  relate 
to  the  direction  and  to  the  degree  of  magnetisation  of  the 
interposed  or  surrounding  conducting  media,  will  find  their 
explanation  further  on,  in  the  phenomena  of  induction,  upon 
which  we  shall  be  engaged  in  the  Fifth  Chapter.  With 
regard  to  the  extraordinary  influence  exercised  by  the  dis- 
tance of  the  needle  from  the  conductor  that  is  traversed  by 
the  discharge  that  magnetises  it,  it  is  also  in  great  part  due  to 
the  same  cause.  It  is,  however,  probable  that  it  is  equally 
connected  with  that  reaction  exercised  by  the  magnetisms 
of  the  molecules  upon  each  other,  a  reaction  that  produces  the 
consecutive  points  in  the  ordinary  processes  of  magnetisation. 
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and  which  depends  essentially  upon  the  dimensions  and  the 
degree  of  temper  of  the  steel,  as  well  as  on  the  manner  in  which 
it  is  magnetised. 

M.  Abria,  in  his  researches  upon  magnetisation,  instead  of 
employing  electric  discharges,  made  use  of  currents  produced 
by  a  constant  pile.  He  convinced  himself  that  the  degree  of 
temper  possessed  by  a  needle  has  a  considerable  influence 
over  the  magnetic  intensity  that  it  is  susceptible  of  acquiring 
imder  the  same  circumstances.  Thus,  in  order  to  protect 
himself  from  this  influence,  he  took  all  possible  precautions 
to  give  the  needles  that  were  intended  for  comparative  ex- 
periments a  state  of  temper  as  constant  and  as  regular  as 
possible,  which  is  not  a  difiScult  matter  if  care  be  taken  to 
heat  them  all  in  the  same  manner  at  the  same  time,  and  to 
temper  them  together  in  cold  water.  He  further  proved  that, 
whatever  be  the  length  of  the  needle,  provided  it  is  not  longer 
than  the  helix,  its  poles  are  always  placed  at  the  two  extre- 
mities of  the  part  inserted,  and  that  the  portion  which  is 
outside  the  helix  is  not  magnetised.  The  intensity  of  the 
magnetism  acquired  by  each  needle  is  determined  by  the 
duration  of  its  oscillations,  which  may  be  appreciated  to  about 
one  or  two  hundredths  of  a  second* 

M.  Abria  found,  by  magnetising  needles  of  variable  lengths 
and  diameters  in  the  same  helix,  that  not  only  is  the  magnetic 
intensity  absolute,  but  also  the  law  followed  by  the  variation  of 
this  intensity  with  the  variation  of  the  force  of  the  current, 
changed  with  the  length  and  the  diameter.  If  we  magnetise 
in  the  same  helix,  by  the  action  of  a  current,  with  a  gradually 
increasing  intensity,  needles  similarly  tempered,  the  magnetic 
intensity  increases  the  more  rapidly  as  the  length  of  the  needle 
is  more  considerable,  the  diameter  not  varying,  or,  when  the 
diameter  is  less,  the  length  remaining  constant  So  that,  if 
the  diameter  does  not  vary,  the  magnetic  intensity  increases 
for  a  certain  length  with  the  intensity  of  the  current,  and  for 
a  length  greater  than  this,  as  the  square  of  this  intensity ;  for 
intermediate  lengths  it  varies  more  rapidly  than  according  to 
the  first  law,  and  less  rapidly  than  according  to  the  second. 
The  length  for  which  the  developed  magnetisation  increases. 
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according  to  the  same  law^  increases  at  the  same  time  as  the 
diameter  does. 

With  a  longer  helix,  the  length  for  which  the  magnetic 
intensity  increases  as  the  square  of  the  intensity  of  the  cur- 
rent, increases  very  rapidly  with  the  diameter.  Moreover, 
the  absolute  length  of  the  helix  has  no  influence  over  the 
magnetic  intensity,  so  long  as  the  needle  is  not  longer  than 
the  helix.  The  diameter  of  the  helix  exercises  a  very  marked 
influence  this  way ; — that,  of  two  helices  of  the  same  length, 
the  narrower  produces  a  stronger  magnetisation ;  but  this 
is  not  true,  except  when  the  helices  are  short;  for,  if  we 
increase  sufficiently  the  length  of  the  same  narrow  one,  the 
difierence  disappears.  Thus,  a  helix  of  1*34  in.  in  length,  and 
^  in.  in  internal  diameter,  magnetises  more  strongly  needles 
of  different  diameters  and  of  different  lengths,  than  a  helix  of 
*67  in.  in  length,  and  at  most  1*5  in.  in  internal  diameter. 

Of  two  helices  of  the  same  length,  but  containing  a  different 
number  of  convolutions,  the  most  energetic  is  that  which  has 
the  greater  number  of  convolutions ;  when  the  intensity  of  the 
current  is  a  little  powerful,  the  degree  of  magnetisation  commu- 
nicated to  the  needles  is  very  nearly  proportional  to  the  number 
of  the  convolutions  of  the  helix ;  it  is  not  the  same  for  more 
feeble  intensities.  Furthermore,  this  influence  of  the  number 
of  convolutions  of  the  helix,  varies  also  with  the  length  and 
diameter  of  the  needles.  The  metallic  envelopes  with  which 
the  needles  are  surrounded  within  the  interior  of  the  helix, 
and  which  form,  as  it  were,  cases  in  which  they  are  placed, 
do  not  exercise  any  kind  of  influence  over  the  direction  and 
the  intensity  of  the  magnetism  that  is  communicated  to  them, 
which  establishes  a  remarkable  difference  between  magnetis- 
ation by  currents  and  magnetisation  by  electric  discharges. 
It  follows,  as  a  matter  of  course,  that  the  metallic  envelopes 
in  question  are  not  to  be  made  of  a  magnetic  substance,  for 
the  influence  would  then  not  be  nulL 

A  tempered  needle,  submitted  in  any  manner  to  the  action 
of  a  current,  possesses,  after  a  very  short  interval  of  time,  all 
the  magnetism  that  it  can  acquire.  If  the  needle  already 
magnetised  is  subjected  to  currents  acting  in  an  inverse  di- 
rection and  gradually  increasing,  the  magnetic  intensity  di- 
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minishes  in  proportion  as  the  energy  of  the  contrary  current 
increases ;  it  becomes  null  for  a  certain  intensity  of  the  latter, 
less  than  the  intensity  of  the  current  by  which  the  needle  was 
previously  magnetised;  beyond  this,  inverse  magnetisation 
takes  place.  When  a  needle  has  been  demagnetised  by  the 
action  of  an  inverse  current,  it  does  not  behave  as  it  formerly 
did ;  the  new  magnetic  intensity  that  it  acquires  under  the 
influence  of  a  given  current  is  sometimes  greater,  sometimes 
less,  than  that  which  it  had  previously  acquired.  There  is 
also  a  change  in  the  law  by  which  the  intensity  of  the  current 
is  connected  with  that  of  the  acquired  magnetism. 

The  irregularities  and  the  very  anomalies  that  are  presented 
by  the  phenomena  successively  discovered  by  MM.  Savary 
and  Abria  are,  for  the  most  part,  due,  as  we  have  already  re- 
marked, to  the  important  part  played  in  magnetic  actions  by 
the  molecular  forces,  which  have  themselves  hitherto  escaped 
the  rigorous  laws  to  which  we  have  endeavoured  to  subject 
them. 

Magnetisation  of  soft  Iron  by  electric  Currents. 

Before  making  any  further  advances  in  the  study  of  the" 
phenomena  that  are  connected  with  the  magnetisation  of  steel, 
let  us  now  turn  our  attention  to  that  of  soft  iron.  There  are 
very  considerable  differences  in  the  circumstances  that  deter- 
mine, as  well  as  in  those  that  accompany  this  magnetisation, 
compared  with  the  similar  circumstances  as  far  as  steel  is 
concerned. 

M.  Arago  was  the  first  to  observe  that  a  wire,  when 
traversed  by  a  powerful  electric  current,  and  plunged  into 
iron  filings,  retains  around  it  a  considerable  quantity,  which 
form  a  cylindrical  mass  of  the  thickness  of  a  quill.  At  the 
moment  when  the  current  ceases  to  pass  through  the  wire, 
the  mass  immediately  falls.  This  phenomenon  evidently 
proves  the  susceptibility  of  the  particles  of  iron  to  acquire  a 
powerful  magnetism  imder  the  influence  of  a  current,  and  to  lose 
it  as  soon  as  this  influence  ceases.  Subsequently  experiments 
were  made  by  surrounding  a  bar  of  soft  iron,  bent  into  the  form 
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uf  a  horse-shoe,  with  copper  wire  covered  with  silk  and  womid 
into  a  helix,  care  being  taken  that  the  helix  of  the  second 
branch  was  the  continuation  of  the  helix  of  the  first ;  so  that 
if  the  bar  had  been  straightened,  the  two  helices  would  have 
formed  but  one,  both  righUhanded  or  both  left-handed.  A 
feeble  electric  current,  such  as  that  produced  bj  a  single  pair 
of  copper  and  zinc,  is  sufficient,  on  being  transmitted  trough 
the  wire,  to  magnetise  the  bar  powerfully.  The  magnetisation 
is  instantaneous ;  it  occurs  as  soon  as  the  current  commences 
passing,  but  it  ceases  almost  entirely  with  the  current  It  is 
so  energetic  that,  with  a  suitable  pile,  we  can  make  a  bar  of 
soft  iron  sustain  as  much  as  a  ton. 
These  temporary  magnets  are  called 
electro-magnets  (^Fig.  124,),  to  distinguish 
^MMHf  )tSBt  ^^^™  ^^^  permanent  magnets  of  steel, 
*""^^^B  ^^^9r^  ^^^  electric  helices  or  solenoids.  The 
^^^m  ^^^m  discovery  of  electro-magnets  has  caused 
'  r**^*i  r^^^.  J  magnetism  to  make  a  very  great  pro- 
gress, by  furnishing  us  with  a  means 
of  acquiring  immense,  and  we  may 
^'  ^^*"  say  almost  unlimited  magnetic  power. 

We  shall  see  in  the  following  Chapter,  and  especially  in  the 
Sixth,  the  immense  advantages  that  science  has  derived  from 
it  I  shall  confine  myself  to  quoting  here  the  works  of 
M.  Delesse,  a  French  philosopher,  who  has  very  cleverly 
applied  the  power  of  electro-magnets  to  the  determination  of 
the  magnetic  properties  of  a  very  great  number  of  rocks^ 
which  would  not  have  been  manifested  under  the  action  of 
ordinary  magnets,  even  the  most  powerful.  It  has  also  been 
proved  that  electro-magnets  may  act  upon  magnetised  bars 
as  they  would  act  upon  unmagnetised  soft  iron,  that  is  to  say, 
would  impart  to  them  a  temporary  magnetism  contrary  to 
what  they  possessed  before,  without,  however,  destroying  the 
latter,  which  would  re-appear  after  the  action  of  the  electro- 
magnet had  ceased. 

Many  experiments  have  been  made  in  order  to  determine 
the  conditions  most  favourable  for  the  develoi)ement  of 
powerful  magnetism  in  electro-magnets.     The  length  and  dia- 
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meter  of  the  branches  of  the  horse-shoe,  the  number  of 
convolutions  of  the  conducting  wire  and  its  diameter,  have 
successively  been  the  subjects  of  numerous  investigations* 
The  force  and  the  nature  of  the  pQe  employed  for  producing 
the  current  have  also  been  varied,  and  researches  have  been 
made  as  to  whether  it  is  better  that  the  wire  coiled  round  the 
two  branches  of  the  electro-magnet  should  be  continuous,  so 
as  to  be  traversed  successively  by  the  whole  of  the  current ; 
or,  if  it  would  be  preferable  for  it  to  be  divided  into  one  or 
a  greater  number  of  wires,  among  which  the  total  current 
should  be  divided.  MM.  Moll,  Henry,  Liphaus,  and  Que- 
telet,  and  many  others,  are  still  engaged  upon  this  subject 
Lastly,  MM.  Jacobi  and  Lenz  have  determined  what  they 
call  the  laws  of  electro-magnets.  But,  in  fact,  results  have 
not  as  yet  been  obtained  that  may  be  regarded  as  very  general. 
This  arises  from  there  being  nothing  absolute  in  these  laws. 
Thus,  with  a  current  of  a  certain  intensity,  or  developed  by  a 
certain  pile,  a  certain  system  of  electro-magnet  is  preferable, 
whilst  for  another  current,  of  a  different  intensity  or  origin, 
another  system  would  be  preferable.  I  shall  therefore,  for  the 
present,  confine  myself  to  quoting  certain  results  that  appear 
very  well  proved,  and  that  I  have  myself  had  the  opportunity 
either  of  verifying  or  of  determining. 

The  quality  of  the  iron  exercises  a  great  influence  over 
the  power  of  the  electro-magnet ;  it  must  be  as  soft  as  possible : 
thus  old  iron,  and  especially  Swedish  iron,  is  preferable  to  all 
others.  It  is  not  a  bad  plan  to  anneal  it  several  times,  in 
order  to  soften  it,  taking  care  to  allow  it  to  cool  very  slowly. 
The  rapidity  with  which  iron  loses  its  magnetisation,  as  soon 
as  the  current  ceases,  depends  essentially  upon  its  nature : 
however,  it  likewise  depends  upon  the  dimensions  of  the  bar. 
Horse-shoes  whose  branches  are  long  lose  their  magnetism 
much  less  easily  and  much  more  slowly  than  those  whose 
branches  are  short — four  inches,  for  example.  The  presence 
of  the  armature  at  the  extremities  of  the  branches  of  an  elec- 
tro-magnet contributes  towards  its  preserving  its  magnetism. 
Mr.  Watkins  remarked  that  an  electro-magnet  which  could 
sustain  120  lbs.  whilst  the  electric  current  was  magnetising  it, 
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sustaining  only  50  lbs.  as  soon  as  the  current  had  ceased  to 
pass,  Continued  to  support  the  latter  for  a  considerable  time, 
so  long  as  the  armature  was  not  disturbed.  But,  on  removing 
the  armature  violently  away,  all  the  magnetism  disappeared. 
This  same  property  was  also  recognised  in  soft  iron  magnetised 
by  other  means  than  by  the  electric  current.  However,  if 
the  armature  is  removed  immediately  after  the  soft  iron  has 
become  saturated  with  magnetism,  or  after  it  has  remained  in 
its  place  several  weeks,  the  electro-ma^et,  notwithstanding 
this  separation,  still  preserves  some  traces  of  magnetism. 
This  influence  of  the  armature  appears  to  be  due  to  a  state  of 
equilibrium  that  is  established  between  aU  the  parts  of  what 
might  be  called  a  closed  magnetic  circuit,  that  is  to  say,  of  a 
horse-shoe  magnet,  the  two  extremities  of  which  are  connected 
with  an  armature.  When  this  circuit  is  suddenly  opened  by 
snatching  away  the  armature,  the  equilibrium  that  was  esta- 
blished ceases,  in  order  to  give  place  to  a  second  equilibrium 
which  brings  back  the  whole  of  the  magnetic  forces  of  the  soft 
iron  to  the  natural  state  of  ordinary  neutralisation.  M.  Alex- 
andre observed  that,  if  we  strongly  heat  an  electro-magnet 
with  a  spirit-lamp,  at  the  same  time  that  the  wire  by  which 
it  is  surrounded  is  traversed  by  powerful  electric  currents, 
we  render  it,  by  this  double  action  combined,  capable  in  every 
Case  of  losing  its  magnetism  immediately  the  electric  current 
ceases  to  be  transmitted.  In  this  experiment,  we  must  evi- 
dently put  in  place  of  the  silk,  with  which  the  conducting 
wire,  for  the  sake  of  insulation,  is  generally  covered,  gum-lac 
or  resin,  which,  under  the  action  of  heat,  forms  a  liquid  mass, 
still  capable  of  producing  the  necessary  insulation. 

Mr.  Moll  was  the  first  to  observe  that,  when  the  direction 
of  the  current  is  reversed,  that  of  the  magnetism,  namely,  the 
place  of  the  magnetic  poles,  immediately  changes.  However, 
the  second  magnetism  is  never  so  powerful  as  the  first,  espe- 
cially if  the  latter  had  remained  a  considerable  time  before  the 
change  has  been  produced  in  the  direction  of  the  current ; 
however,  a  great  number  of  successive  changes  end  by  ren- 
dering an  electro-magnet  susceptible  of  being  magnetised  as 
easily  in  one  direction  as  the  other.     A  strongly  magnetbed 
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steel  needle  may  also,  mider  the  influence  of  powerful  currents, 
acquire  poles  the  opposite  to  its  primitive  poles :  for  this 
purpose,  we  must  so  place  it  that  it  is  not  able  to  obey  the 
directive  action  which  these  currents  would  impress  upon  it 
We  may  also  advantageously  magnetise  steel  needles  and  bars 
by  employing  powerful  electro-magnets.  It  is  of  no  import- 
ance whether  their  magnetism  be  temporary  or  not,  providing 
that  it  remains  the  time  necessary  for  magnetisation.  En- 
deavours have  also  oeen  made,  and  with  some  success,  to 
apply  against  the  two  extremities  of  an  electro-magnet  those 
of  a  steel  horse-shoe  that  had  been  heated  to  red-white,  and 
to  allow  it  to  cool  in  this  position.  After  the  cooling  it  was 
found  to  have  acquired  a  powerful  and  permanent  mag- 
netism. 

The  facility  with  which  soft  iron  acquires  and  loses  mag- 
netism, with  the  cause  by  which  it  is  produced,  and  by  which 
it  is  magnetised  alternately  in  one  direction  or  the  other,  has 
given  rise  to  several  pieces  of  apparatus,  and  even  to  practical 
applications  such  as  those  of  the  electric  telegraph,  and  many 
others  also,  to  which  we  will  turn  our  attention  in  the  Sixth 
Part  of  this  work.  We  shall  confine  ourselves  for  the  present 
to  describing  three  pieces  of  apparatus,  which  give  evidence 
of  this  double  property  in  the  most  elegant  manner. 

In  the  first  apparatus,  the  principle  of  which  was  devised  by 
Mr.  Ritchie,  we  place  vertically  upon  a  horizontal  support  four 
cylindrical  electro-magnets  of  equal  length,  in  such  a  manner 
that  they  are  situated  at  the  four  angles  of  a  square,  and  their 
upper  surfaces  are  exactly  on  the  same  horizontal 
plane  {Fig,  125.).  Care  is  taken  to  turn  them 
so  that  each  of  the  four  has  alternately  its  north 
and  its  south  pole  upwards.  Two  small  electro* 
magnets,  placed  cross-wise  in  a  horizontal  plane 
around  a  vertical  axis,  passing  through  their 
crossing  point,  are  so  arranged  that  when  one 
of  the  four  extremities  of  their  two  branches  is 
opposite  one  of  the  magnetic  poles,  the  others 
Fiff,  125.  are  also  respectively  opposite  the  other  mag* 
netic  poles.     Each  electro-magnet  is  surrounded  by  a  wire 
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covered  with  silk,  and  which  is  used  for  transmitting  the 
current  necessary  for  magnetisation.  The  two  extremities  of 
each  of  the  two  wires  dip,  so  as  simply  to  graze  the  surface, 
into  the  mercury  of  two  small  concentric  annular  canals, 
which  are  both  hollowed  in  a  piece  fixed  upon  the  top  of  the 
apparatus,  and  withinside  the  magnets.  Each  of  these  canals 
is  divided  into  four  compartments,  and  the  little  transverse 
partitions  by  which  they  are  separated  are  situated  in  the 
parts  of  the  canals,  that  exactly  correspond  to  the  situation  of 
each  magnet.  One  of  the  poles  of  the  pile  communicates 
with  the  two  opposite  compartments  of  the  interior  canal, 
and  with  the  two  others  of  the  exterior  canal ;  the  other  pole 
communicates  with  the  four  in  the  other  compartments ;  the 
extremities  of  the  same  wire  always  plunge,  one  into  one  of 
the  compartments  of  the  exterior  canal,  and  the  other  into 
the  corresponding  compartment  of  the  interior  canal ;  but  the 
arrangement  is  such  that  if  the  extremities  of  one  of  the  wires 
are  in  certain  compartments,  those  of  the  other  are  in  the 
compartments  that  follow  or  that  immediately  precede  this. 
It  follows  that  the  currents  traverse  the  wires  of  the  two 
electro-magnets  in  opposite  directions ;  that,  consequently,  the 
extremities  of  these  electro-magnets  are  attracted  by  the  con- 
trary poles  of  the  fixed  magnets.  But,  when  they  have 
arrived  opposite  to  these  magnets,  the  ends  of  the  wires  each 
pass  from  one  compartment  into  the  following  one;  and 
hence  there  occurs  a  change  in  the  direction  of  the  current  of 
each  of  the  two  wires,  and  consequently  a  change  in  the 
direction  of  the  magnetisation  of  each  electro-magnet  The 
four  poles  of  the  electro-magnets  are  immediately  repelled  by 
the  four  poles  of  the  magnets  before  which  they  have  been 
respectively  brought;  they  are  consequently  attracted  by 
the  contrary  poles  of  the  following  magnets.  When  ar- 
rived before  them,  the  same  change  of  compartments  is 
brought  about  for  the  ends  of  the  wires ;  consequently  the 
same  inversion  in  the  direction  of  the  currents  occurs,  and 
the  same  repulsion  as  before  is  immediately  manifested,  and 
so  on ;  whence  there  results  a  continuous  rotatory  movement, 
which  may  attain  to  an  extraordinary  rapidity,  which  proves 
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with  what  promptitude  the  change  of  direction  may  be 
brought  about  in  the  magnetisation  of  soft  iron.  We  see  that 
the  ends  of  the  wires  can  pass  from  one  compartment  to  the 
other  without  being  arrested  by  the  partitions  that  separate 
them^  and  while  still  continuing  to  be  plunged  in  the  mercury : 
this  is  due  to  the  latter,  by  virtue  of  its  capillarity,  being 
raised  a  little  above  the  sides  that  form  the  canals,  and  con- 
sequently above  the  partitions  which  separate  them  into 
several  cells,  and  which  are  at  the  same  height  as  these  sides. 
Only  it  sometimes  happens  that  the  mercury,  being  drawn 
along  by  the  points,  covers  the  partitions,  and  so  establishes  a 
communication  between  two  consecutive  compartments ;  which 
must  be  avoided,  for  the  movement  immediately  ceases,  since 
the  current  no  longer  traverses  the  wires  of  the  movable 
electro-magnets,  the  two  poles  of  the  pile  being  in  direct  com- 
munication by  the  mercury. 

The  second  apparatus,  which  shows  with  what  rapidity 
soft  iron  can  acquire  and  lose  its  magnetisation,  was  contrived 

and  constructed  by  M.  Froment, 
a  skilful  Parisian  artist.  It 
consists  {Fig.  126.)  of  a  small 
electro-magnet,  the  armature 
of  which,  being  composed  of 
a  very  light  plate  of  iron,  is 
^*^'  ^^^'  able   to   oscillate  between  the 

two  poles  on  the  one  hand  and  a  stop  on  the  other  hand, 
against  which  a  spring  tends  to  make  it  press.  An  electric 
current,  introduced  into  the  apparatus,  passes  through  the 
iron  plate  and  its  stop,  so  that  the  circuit  is  interrupted  as 
soon  as  the  two  pieces  are  separated.  This  effect  is  produced 
of  itself  by  interposing  in  the  circuit  the  wire  by  which  the 
electro-magnet  is  surrounded ;  for  the  latter  then  attracts  the 
plate  of  soft  iron,  and  by  separating  it  from  its  stop  interrupts 
the  passage  of  the  current:  the  magnetisation  immediately 
ceases ;  the  plate  of  iron,  being  pressed  back  by  the  spring, 
returns  and  strikes  the  stop,  and  again  forms  the  circuit ;  a 
fresh  magnetisation,  a  fresh  interruption  of  the  circuit ;  and  so 
on  with  a  rapidity  which  we  have  the  power  of  regulating,  and 
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which  may  attain  to  several  thousand  beats  in  a  second.  By 
turning  the  screws,  which  serve  to  vary  the  amplitude  of  the 
vibration  and  the  power  of  the  spring,  we  can  make  the  instru- 
ment give  out  all  the  sounds  of  the  musical  scale,  which  enables 
us  to  deduce  the  number  of  vibrations.  This  instrument,  which 
shows  that  in  one  second  the  iron  of  an  electro-magnet  may 
be  several  thousand  times  magnetised  and  demagnetised,  pre- 
sents applications  to  which  we  shall  turn  our  attention  when 
we  are  treating  on  induced  currents.  We  shall  confine 
ourselves  for  the  present  to  point  out  one :  it  consists  in  the 
instrument  being  so  regulated  as  to  produce  a  fixed  sound ; 
the  least  variations  in  the  intensity  of  the  current  employed 
are  detected  by  a  change  in  the  sound,  arising  from  a  change 
in  the  number  of  corresponding  vibrations. 

Finally,  a  third  apparatus,  constructed  by  Mr.  Watkins 
{Fig.  127.),  consists  of  a  balance-wheel,  similar  to  but  much 
larger  than  that  of  a  watch,  and  connected 
in  like  manner  to  a  spiral  spring.  This 
balance-wheel  is  provided  with  a  small 
piece  of  soft  iron,  placed  very  near  to  the 
poles  of  an  electro-magnet,  so  that  when  an 
electric  current  traverses  the  wire  of  the 
127  electro-magnet    it   is    attracted   by   it,   and 

comes  and  adheres  to  its  poles,  drawing  with 
it  the  balance-wheel.  But  a  small  ivory  disc,  in  which  is 
inclosed  a  metal  plate,  is  fixed  to  the  balance-wheel,  and 
moves  with  it.  A  metal  spring,  resting  against  the  cir- 
cumference of  the  disc,  is  thus  sometimes  in  contact  with  the 
metal,  at  other  times  with  the  ivory  of  the  disc.  In  the 
former  case,  which  occurs  when  the  piece  of  soft  iron  is 
distant  from  the  poles  of  the  electro-magnet,  the  current  is 
transmitted  and  the  piece  is  attracted:  in  the  latter  case, 
which  occurs  when  the  piece  is  in  contact  with  the  poles,  the 
current  is  no  longer  transmitted,  the  electro-magnet  is  no 
longer  attracted,  and  the  piece  of  soft  iron,  being  no  longer 
retained  near  the  poles,  the  spiral  spring  that  had  been 
stretched  is  released,  and  causes  the  balance-spring  to  return 
back.     The  latter  thus  executes  in  a  given  time  a  greater  or 
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less  number  of  vibrations:  this  number  depends  upon  the 
intensity  of  the  current  transmitted,  and  may  thus  serve  as 
its  measure. 

In  order  to  study  thoroughly  and  in  detail  the  magnetisation 
produced  by  electric  currents,  it  is  necessary  to  have  one  or 
two  wooden  bobbins,  each  surrounded  by  several  convolutions 
of  copper  wire  covered  with  silk,  through  which  the  current 
is  to  be  transmitted  {Fig.  128.).     It  is  well  that  this  copper 


Fig,  128. 

wire,  which  thus  forms  superposed  helices,  should  be  from 
y^7  in.  to  j-  in.  in  diameter,  in  order  that  an  energetic 
current  may  be  transmitted  through  it  without  its  becoming 
sensibly  heated.  If  to  the  opening  of  such  a  bobbin,  whose 
wire  is  in  the  voltaic  circuit,  a  rod  of  soft  iron  or  even  of 
steel  be  presented,  we  perceive  it  to  be  attracted  and  to  rush 
into  the  bobbin  until  it  is  so  placed  that  its  middle  coincides 
with  that  of  the  enveloping  helix ;  a  result  which  is  equally 
obtained  whether  the  rod  is  shorter  or  longer  than  the  axis 
of  the  bobbin,  or  is  equal  to  it.  Balls  of  soft  iron,  of  any 
diameter,  when  placed  at  the  opening  of  the  bobbin,  and 
being  free  to  roll  upon  a  very  horizontal  plane,  in  like  manner 
rush  in  and  stop  at  the  middle :  it  is  the  same  with  discs  and 
rings  of  soft  iron ;  except  that  when  they  are  presented  to  the 
opening  of  the  bobbin,  so  that  their  plane  is  perpendicular  to 
the  axis  of  the  helix,  they  immediately  turn  and  place  them- 
selves in  the  middle,  so  that  their  plane  or  their  diameter  is 
parallel  to  the  axis.  This  fact,  and  a  great  number  of  other 
similar  ones,  show,  in  the  most  evident  manner,  the  disposition 
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possessed  by  magnetic  bodies  of  always  becoming  magnetised 
in  the  direction  of  their  longest  lengths^  so  that  the  opposite 
poles  are  as  far  as  possible  from  each  other.  We  have  a 
ftirther  proof  of  this  by  making  the  experiment  with  a  bobbin 
whose  opening  has  a  large  diameter — five  or  six  inches,  for 
example  {Fig,  129.),  and  by  particularly  observing  the  ar- 


Fiff.  129. 

rangement  that  is  assumed  by  iron  filings  when  placed  in  the 
interior  of  this  bobbin.  In  order  that  this  observation  may  be 
well  made,  it  is  necessary  that  the  axis  of  the  bobbin  be  vertical ; 
we  then  introduce  into  one  of  the  openings  a  disc  of  wood  or 
pasteboard,  provided  with  a  rim,  and  upon  which  the  iron 
filings  are  placed.  At  the  opening,  as  well  as  at  the  bottom 
of  the  bobbin,  the  filings  form  a  multitude  of  small  heaps, 
which  all  tend  toward  the  centre,  namely,  toward  the  point  , 
where  the  axis  cuts  the  plane  by  which  they  are  supported ; 
but  in  proportion  as  we  approach  the  middle  of  the  bobbin  we 
perceive  the  small  heaps  which,  when  separated  from  each 
other,  were  from  three  quarters  of  an  inch  to  an  inch  in 
height,  avoid  the  centre  and  all  approach  the  edges,  namely, 
the  outer  boundary  of  the  bobbin.  It  appears  that  each  of 
these  heaps  forms  so  many  small  magnets,  which  mutually 
repel  each  other  by  the  efiect  of  the  repulsive  action  of  their 
homonomous  polos,  as  would  be  the  case  with  the  magnetised 
needles  of  a  magnetic  bundle,  if  they  were  movable.  If, 
instead  of  iron  filings,  we  place  within  the  bobbin  fragments 
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of  iron  wire  shorter  than  its  interior  diameter^  as  soon  as  a 
current  traverses  the  copper  wire  coiled  into  a  helix^  we  see 
them  quit  their  horizontal  position  to  take  a  vertical  one, 
all  of  them  receding  firom  each  other,  and  even  remaining 
suspended  in  this  position,  when  the  support  upon  which 
thej  had  formerly  been  placed  is  removed  from  beneath 
them. 

A  soft  iron  cylinder,  of  greater  length  than  the  bobbin,  and 
placed  in  its  interior,  becomes  magnetised,  whatever  be  its 
length,  in  such  a  manner  that  its  poles  are  always  situated  at 
the  points  immediately  outside  the  bobbin;  we  may  judge 
this  from  the  position  assumed  by  the  iron  filings.  The 
magnetised  portion  extends  to  a  certain  distance  beyond  the 
bobbin ;  and  if  the  two  portions  that  emerge  out  are  of  un- 
equal length,  the  longer  is  the  more  powerfully  magnetised. 
When  a  hollow  cylinder  of  iron  is  introduced  into  the  in- 
terior of  the  bobbin,  so  that  one  of  its  extremities  or  both  pass 
at  least  half  an  inch  or  so  beyond  the  opening  of  the  bobbin 
{Fig.  128.),  we  find  it  to  be  magnetised  exteriorly  like  a  solid 
cylinder,  but  interiorly  not  the  slightest  trace  of  magnetism  is 
manifested ;  however,  if  we  place  a  small  iron  ball  at  about  a 
quarter  of  an  inch  from  either  of  its  extremities,  we  observe 
it  to  move  rapidly  toward  the  opening,  and  there,  maTcmg 
the  tour  of  the  edge,  to  slide  over  the  exterior  surface,  to 
which  it  remains  adhered,  notwithstanding  its  weight,  at  a 
distance  of  a  quarter  or  half  an  inch  from  the  edge.  Iron 
filings,  introduced  into  the  interior,  but  near  to  the  edge, 
experience  the  same  effect  in  an  equally  instantaneous 
manner. 

Not  only  does  the  cylinder  of  soft  iron  present  no  traces  of 
magnetism  interiorly,  except  near  its  edges,  but  it  interrupts 
all  the  magnetic  action  of  the  helix  upon  iron  introduced  into 
it.  It  is  not  the  same  if  the  cylinder  is  split  horizontally, 
providing  this  cleft  goes  from  end  to  end ;  or  if  it  is  simply 
formed  of  sheet  iron,  the  edges  of  which  are  brought  near 
together,  and  riveted  without  being  soldered.  In  this  case 
the  interior  magnetic  effects  of  the  helix  are  manifested  as 
usual:  it  is  the  same  when  we  introduce  into  the  helix  a 
hollow  cylinder  of  copper  or  any  non-magnetic  metal,  even 
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when   these  latter    cylinders   have   their  surface    perfectly 
continuous. 

I  have,  however,  observed  a  case  in  which  the  action  of 
the  bobbin  upon  the  points  situated  in  its  interior  is  nearly 
the  same  in  intensity,  whether  there  be  a  hollow  cylinder  of 
soft  iron  within  it  or  not.  I  place  a  stratum  of  mercury^ 
about  j-  in.  in  thickness,  in  a  circular  capsule,  a  little  less  in 
diameter  than  the  interior  of  the  bobbin,  into  which,  by 
means  of  a  vertical  stem,  I  introduce  it  to  a  greater  or  less 
distance  from  the  opening.  An  electric  current  traverses  the 
stratum  of  mercury,  radiating  from  the  centre  to  the  circum- 
ference, whence  is  produced  a  rotation  of  the  liquid  under 
the  influence  of  the  current  of  the  bobbin,  the  direction  of 
which  is,  for  all  positions,  in  accordance  with  Ampere's  law 
of  angular  currents.  The  rotation  is  the  same  in  direction, 
but  merely  stronger,  if  the  bobbin  contains  a  continuous  soft 
iron  tube,  into  the  interior  of  which  the  stratum  of  mercury 
is  introduced* 


Vibratory  Movements    and   molecular  Effects    determined    in 
m^agnetic  Bodies  by  the  Influence  of  electric  Currents. 

Mr.  Page,  an  American  philosopher,  had  observed,  in  1837, 
that  on  bringing  a  flat  spiral,  traversed  by  an  electric  current, 
near  to  the  pole  of  a  powerful  magnet,  a  sound  is  produced. 
M.  Delezenne,  in  France,  also  succeeded  in  1838  in  pro- 
ducing a  sound  by  revolving  a  soft  iron  armature  rapidly 
before  the  poles  of  a  horse-shoe  magnet  In  1843  I  myself 
remarked  that  plates  or  rods  of  iron  give  out  a  very  decided 
sound  when  placed  in  the  interior  of  a  helix  whose  wire  is 
traversed  by  a  powerfiil  electric  current;  but  only  at  the 
moment  when  the  circuit  is  closed,  and  when  it  is  interrupted* 
Mr.  Gassiot  in  London,  and  Mr.  Marrian  in  Birmingham, 
had  also  made  an  analogous  experiment  in  1844.  Attributing 
this  singular  phenomenon  to  a  change  brought  about  by  the 
magnetism  in  the  molecular  constitution  of  the  magnetised 
body,  I  went  through  a  great  number  of  experiments,  in  order 
to  study  this  interesting  subject. 
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It  is  above  all  things  important,  in  order  to  obtain  a 
numerous  series  of  vibrations,  to  be  provided  with  a  means 
of  interrupting  and  of  completing,  many  times  in  a  very 
short  space  of  time,  the  circuit  of  which  the  wire  that  trans- 
mits the  current  forms  a  part ;  in  other  words,  to  render  a 
current  discontinuous  or  continuous.  With  this  view,  I  made 
use  of  one  of  the  numerous  apparatus,  called  Rheotomes,  or 
cut-currentSy  and  which  are  intended,  when  placed  in  the  cir- 
cuit, to  render  a  current  discontinuous.  One  of  the  most 
convenient  {Fig,  130.)  consists  of  a  horizontal  rod,  carrying 


Fi^.  130. 

two  needles,  inserted  perpendicularly  and  parallel  with  each 
other,  so  arranged,  that  when  they  are  immersed  simulta* 
neously  in  two  capsules  filled  with  mercury,  and  insulated 
from  each  other,  the  circuit  is  closed ;  and  when  they  are  not 
immersed  it  is  open.  A  clock-work  movement,  or  simply  a 
winch  moved  by  the  hand,  gives  a  rotatory  movement  to  the 
axis ;  whence  it  follows  that,  in  a  given  time,  a  second  for 
example,  the  circuit  may  be  closed  or  interrupted  a  great 
number  of  times.  The  apparatus  of  Fig.  130.  presents  four 
needles  instead  of  two,  and  consequently  four  compartments 
corresponding  with  the  four  needles.  We  shall  have  occasion 
hereafter  to  see  the  use  of  the  second  system  of  two  needles  ; 
for  the  present  a  single  one  is  sufficient ;  and,  consequently,  in 
all  the  experiments  that  will  follow^  in  order  to  place  it  in  th^ 
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circuit,  we  shall  employ  indifferently  either  the  one  that  is 
nearest  to  the  clock-work  movement,  or  the  one  that  is  most 
distant  There  is  a  risk  of  the  mercury  being  projected  when 
the  movement  is  too  rapid ;  to  prevent  this  inconvenience,  we 
must  cover  the  capsules,  the  needles,  and  the  axis  that  carries 
them,  with  a  small  glass  shade.  When  the  current  is  very 
powerful,  the  mercury  is  oxidised  by  the  effect  of  the  sparks 
that  occur  at  the  moment  when  the  needles  emerge ;  in  this 
case  it  is  necessary  to  remove  the  oxide,  or  to  change  the 
mercury.  We  may  do  without  mercury,  and  supply  its 
place  by  two  elastic  metal  plates  resting  on  a  cylinder,  or 
on  the  circumference  of  a  varnished  wooden  or  ivory  wheel, 
in  the  edges  of  which  are  inserted  small  pieces  of  metal,  in 
metallic  communication  together.  When  the  elastic  plates, 
by  means  of  the  rotation  of  the  cylinder  or  of  the  wheel  upon 
its  axis,  come  in  contact  with  the  metal  part  of  the  surface, 
the  circuit  is  closed ;  when  the  contact  with  this  metal  part 
ceases,  which  occurs  when  the  contact  is  with  the  wood  or 
ivory,  the  circuit  is  opeiu  It  is  necessary  in  this  case  that 
the  two  plates,  as  were  the  mercury  cups  in  the 'preceding 
case,  shall  be  in  the  course  of  the  circuit,  that  is  to  traverse 
the  wire  of  the  helix,  and  shall  press  strongly  against  the 
circumference. 

We  may  also  interpose  in  the  course  of  the  current 
merely  a  toothed  wheel  and  an  elastic  metal  plate,  which 
presses   upon    the    teeth  of   the  wheel    {Fig.    131.).       By 

giving  the  wheel  a  movement  upon 
its  axis,  we  cause  the  plate  to  leap 
from  one  tooth  to  another ;  each  leap 
produces  a  rupture  in  the  circuit, 
which  is  closed  again  immediately 
afterwards.  The  musical  tone  given 
out  by  the  plate,  when  we  have  no 
other  means  of  measuring  it,  gives 
'*^*      '  us  exactly  the  number  of  times  that 

the  circuit  has  been  opened  and  closed,  that  is  to  say,  inter- 
rupted, in  a  second.  I  have  dwelt  upon  these  several  kinds 
of  Rheotomes  because  we  frequently  make  use  of  one  or  the 
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other  of  them.  For  the  present,  we  shall  apply  them  to 
the  study  of  the  vibratory  movement  experienced  by  mag- 
netic bodies  under  the  influence  of  dbcontinuous  currents. 

When  we  place  a  magnetic  but  unmagnetised  body,  such 
as  iron  or  steel,  in  the  interior  of  a  bobbin,  this  body  ex- 
periences very  remarkable  vibratory  movements,  as  soon  as 
we  pass  a  series  of  discontinuous  currents  through  the  wire 
with  which  the  bobbin  is  encircled.  These  movements  are 
made  manifest  under  the  form  of  very  decided  and  varied 
sounds,  when  the  body  has  a  cylindrical,  or  even  an  elongated, 
form.  The  sound  is  less  decided,  but  more  sharp  and  more 
metallic,  with  steel  than  it  is  with  soft  iron.  Whatever  be 
the  form  or  the  size  of  the  pieces  of  soft  iron,  two  sounds  are 
always  to  be  distinguished ;  one  a  series  of  blows  or  shocks, 
more  or  less  dry,  and  very  analogous  to  the  noise  made  by 
rain  when  falling  on  a  metal  roof;  these  blows  exactly  cor- 
respond to  the  alternations  of  the  passage  and  the  interruption 
of  the  current :  the  other  sound  is  a  musical  sound,  corre- 
sponding to  those  which  would  be  given  by  the  mass  of  iron, 
by  the  effect  of  transverse  vibrations.  We  must  take  care 
in  these  sounds  to  distinguish  those  that  are  due  to  the  simple 
mechanical  action  of  the  current  upon  the  iron, — an  action 
which,  being  exercised  throughout  the  entire  mass,  may  de- 
form it,  and  consequently  produce,  by  its  very  discontinuity, 
a  succession  of  vibrations.  However,  this  is  not  sufficient 
for  the  explanation  of  all  the  sounds;  and  we  must  admit 
that  there  is,  in  addition,  a  molecular  action,  namely,  that  the 
magnetisation  determines  a  particular  arrangement  of  the 
molecules  of  the  iron,  a  rapid  succession  of  magnetisations  and 
demagnetisations  gives  rise  to  a  series  of  vibrations.  How,  for 
example,  can  we  otherwise  explain  the  very  clear  and  brilliant 
musical  sound  given  out  by  a  cylindrical  mass  of  iron  4  inches 
in  diameter,  and  weighing  22  lbs.,  when  placed  in  the  interior 
of  the  large  helix  (Fig.  129.),  while  traversed  by  a  discontinuous 
current.  Rods  of  iron  half  an  inch  and  upwards  in  diameter, 
when  fixed  by  their  two  extremities,  also  give  out  very  de- 
cided sounds  under  the  same  influence.  But  the  most  brilliant 
soimd  is  that  which  is  obtained  by  stretching  upon  a  sounding- 
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board  well  annealed  wires,  one  or  two  twentieths  of  an  inch  in 
diameter  and  a  yard  or  two  in  length.  They  are  placed  in  the 
axis  of  one  or  several  bobbins,  the  wires  of  which  are  tra- 
versed by  electric  currents,  and  they  produce  an  assemblage 
of  sounds,  the  effect  of  which  is  surprising,  and  which  greatly 
resembles  that  to  which  several  church  bells  give  rise  when 
vibrating  harmonically  in  the  distance.  In  order  to  obtain 
this  effect,  it  is  necessary  that  the  succession  of  the  currents 
be  not  too  rapid,  and  that  the  wires  be  not  too  highly  strained. 
With  a  wire  5  ft.  2  in.  in  length,  and  yj^  in.  in  diameter,  I 
found  that  the  maximum  of  effect  occurs  when  it  is  stretched 
by  a  weight  of  from  57  lbs.  to  117  lbs.,  if  it  is  annealed;  and 
from  64  lbs.  to  126  lbs.  if  it  is  hardened.  Beyond  these 
limits,  in  proportion  as  the  tension  increases,  the  total  intensity 
and  the  number  of  different  sounds  notably  diminish;  and, 
at  a  certain  degree  of  tension,  we  no  longer  hear  the  sound 
due  to  the  transverse  vibrations,  but  simply  that  arising  from 
the  longitudinal  vibrations.  The  reverse  occurs  when  the 
wire  is  slackened. 

Sounds  entirely  analogous  to  those  we  have  been  de- 
scribing may  be  produced  by  passing  the  discontinuous  elec- 
tric current  through  the  iron  wire  itself.  We  remark,  in 
like  manner,  a  series  of  dry  blows,  corresponding  to  the  inter- 
ruptions of  the  current;  and  stronger  and  more  sonorous 
musical  sounds,  in  some  cases,  than  those  that  are  obtained 
by  the  magnetisation  of  the  wire  itself.  This  superiority  of 
effect  is  especially  manifested  when  the  wire  is  well  annealed, 
and  of  a  diameter  of  about  one-twelfth  of  an  inch ;  for  greater 
or  less  diameters,  the  magnetisation  by  the  helix  produces 
more  intense  effects  than  those  which  result  from  the  trans- 
mission of  the  current  Moreover,  the  same  circumstances 
that  influence  the  nature  and  the  force  of  the  sound  in  the 
former  case,  exercise  a  similar  influence  in  the  latter.  The 
transmission  of  the  discontinuous  current  produces  sounds 
only  when  transmitted  through  iron,  steel,  argentine,  and 
magnetic  bodies  in  general ;  but  in  different  degrees  for  each, 
depending  on  the  coercitive  force  that  opposes  the  phenomenon. 
Wires  of  copper,  platinum,  silver,  and,  in  general,  any  metals^ 
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Bxcept  the  magnetic,  do  not  give  forth  any  sound,  whether 
under  the  influence  of  transmitted  currents,  or  under  that 
of  ambient  currents,  such  as  the  currents  that  traverse  the 
convolutions  of  a  wire  coiled  into  a  helix  around  a  bobbin. 
The  soimd  that  is  produced  when  a  discontinuous  electric 
current  is  made  to  pass  in  an  iron  wire,  explains  a  fact  that 
had  been  for  a  long  period  observed,  and  had  been  described 
as  far  back  as  1785,  by  the  Canon  Gottoin  de  Coma,  a 
neighbour  and  a  contemporary  of  Volta.  This  fact  is,  that 
an  iron  wire,  of  at  least  ten  yards  in  length,  when  stretched 
in  the  open  air,  spontaneously  gives  forth  a  sound,  under  the 
influence  of  certain  variations  in  the  state  of  the  atmosphere. 
The  circumstances  tly^t  accompany,  as  well  as  those  that 
favour  the  production  of  the  phenomenon,  demonstrate  that 
it  must  be  attributed  to  the  transmission  of  atmospheric  elec- 
tricity. This  trar  '  'ission,  in  fact,  does  not  occur  in  a  con- 
tinuous manner,  like  that  of  a  current,  but  rather  by  a  series 
of  discharges.  Now,  Mr.  Beatson  has  demonstrated  that  the 
discharge  of  a  Leyden  jar  through  an  iron  wire  causes  this 
wire  to  produce  a  sound,  provided  it  does  not  occur  too 
suddenly,  but  is  a  little  retarded  by  passage  through  a  moist 
conductor,  such  as  a  wet  string. 

The  sounds  given  out  by  iron  wire  and  by  magnetic  bodies, 
under  the  circumstances  that  we  have  been  describing,  seem 
to  indicate,  in  an  evident  manner,  that  magnetism  produced 
by  the  influence  of  an  exterior  current,  as  well  as  by  the 
direct  transmission  of  a  current,  determines  in  them  a  modifi- 
cation in  the  arrangement  of  their  particles,  that  is  to  say,  in 
their  molecular  constitution.  This  modification  ceases  and  is 
constantly  produced  again  by  the  effect  of  the  discontinuity 
of  the  current ;  whence  results  the  production  of  a  series  of 
vibrations,  and  consequently  different  sounds. 

A  great  number  of  observations,  made  by  different  philo-: 
Bophers,  have  in  fact  demonstrated  in  a  direct  manner  the 
influence  of  magnetisation  upon  the  molecular  properties  of 
magnetic  bodies.  M.  de  Wertheim,  in  an  extensive  work  on 
the  elasticity  of  metals,  had  already  observed,  that  mag- 
netisation produced  by  means  of  a  helix  whose  wire  is  tra- 
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versed  by  the  electric  current  produces  a  diminution  in  the 
coefficient  of  elasticity  in  iron  wire  and  even  in  steel;  a 
diminution  which^  in  the  latter  at  least,  remains  in  part  even 
after  the  interruption  of  the  current.  M.  Guillemin  has  also 
remarked  more  recently,  that  a  bar  of  soft  iron,  fixed  by  one 
of  its  extremities  whilst  the  other  is  free,  and  which,  instead 
of  remaining  horizontal,  is  curved  by  the  efiect  of  its  own 
weight,  or  by  that  of  a  small  additional  weight,  immediately 
raises  itself,  when  the  current  is  made  to  pass  in  the  wire  of  a 
helix  with  which  it  is  surrounded,  which  helix  is  itself  raised 
up  with  the  bar,  all  the  movements  of  which  it  follows,  since 
it  is  coiled  around  it.  This  experiment  possesses  this  im- 
portant feature, — it  shows  that  magnetisation  determines  a 
modification  in  the  molecular  state  of  iron ;  for  it  cannot  be 
explained  by  a  mechanical  action,  which  could  only  occur  if 
the  helix  is  independent  of  the  bar. 

Furthermore,  an  English  philosopher,  Mr.  Joule,  suc- 
ceeded in  determining  the  influence  that  magnetisation  can 
exercise  over  the  dimensions  of  bodies.  By  placing  a  soft 
iron  bar  in  a  well  closed  tube,  filled  with  water  and  sur- 
mounted by  a  capillary  tube,  he  first  satisfied  himself  that 
this  bar  experienced  no  variation  of  volume  when  it  was 
magnetised  by  means  of  a  powerful  electric  current,  which 
traversed  all  the  coils  of  an  enveloping  helix.  In  fact,  the 
least  variation  of  volume  would  have  been  detected  by  a 
change  of  the  level  of  the  water  in  the  capillary  tube ;  now 
not  the  slightest  is  observed,  Tiowever  powerful  the  mag- 
netisation may  be.  This  result  is  in  accordance  with  what 
M.  Gay-Lussac  had  discovered  by  other  methods,  and  with 
what  M.  Wertheim  had  also  obtained  by  operating  very 
nearly  in  the  same  manner  as  Mr.  Joule.  But  if  the  total 
volume  is  not  altered,  it  is  not  the  same  for  the  relative  di- 
mensions of  the  bar,  which,  under  the  influence  of  magnetis- 
ation, experiences  an  increase  in  length  at  the  same  time  as 
it  does  a  diminution  in  diameter,  at  least  within  certain  limits. 
It  was  by  means  of  a  very  delicate  apparatus,  similar  to  the 
instrument  employed  in  measuring  the  dilation  of  solids,  that 
Mr.  Joule  discovered  that  a  soft  iron  bar  experiences  a  decided 
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elongation^  which  is  about  y^xnTTJi?*^  ^^  ^^  ^^^  length,  at 
the  moment  when  the  current  by  which  it  is  magnetised  is 
established,  and  a  shortening  at  the  moment  when  it  is 
interrupted.  The  shortening  is  less  than  the  lengthening, 
because  the  bar  always  retains  a  certain  degree  of  magnetism. 
It  would  appear  that  the  lengthening  is  proportional,  in  a 
given  bar,  to  the  square  of  the  intensity  of  the  magnetism  that  is 
developed  in  it.  When  we  make  use  of  iron  wires  instead  of 
bars,  it  may  happen  that  it  is  a  shortening  and  not  a  lengthen- 
ing that  is  obtained  at  the  moment  of  magnetisation:  this 
change  in  the  nature  of  the  effect  is  observed  when  the  degree 
of  tension,  to  which  the  wire  is  subjected,  exceeds  a  certain  limit. 
Thus  an  iron  wire,  12^  in.  in  length  by  ^  in.  in  diameter, 
distinctly  lengthens  under  the  influence  of  the  magnetism,  so 
long  as  it  is  not  exposed  to  a  greater  tension  than  772  lbs. ; 
but  the  less  so,  however,  as  it  approaches  nearer  to  this 
tension.  Setting  out  from  this  limit,  and  for  increasing 
tensions,  which  in  one  experiment  were  carried  up  to  1764  lbs., 
the  wire  was  constantly  seen  to  shorten  at  the  moment 
when  it  was  magnetised.  Tension  exercises  no  influence  over 
highly  tempered  steel ;  so  there  is  never  any  elongation,  but 
merely  a  shortening,  which  commences  when  the  force  of  the 
current  exceeds  that  which  is  necessary  to  magnetise  the  bar 
to  saturation. 

M.  Wertheim,  on  his  part,  at  the  close  of  long  and  minute 
researches,  succeeded  in  analysing  the  mechanical  effects 
that  are  manifested  in  magnetisation.  He  found  that,  when 
an  iron  bar  is  fixed  by  one  of  its  extremities,  and  the  bobbin 
is  so  placed  that  its  axis  coincides  with  that  of  the  bar,  no 
lateral  movement  is  observed,  but  merely  a  very  small 
elongation,  which  rarely  exceeds  •00078  inch.  This  elon- 
gation is  the  greater  as  the  bobbin  is  situated  nearer  to  the 
free  extremity  of  the  bar ;  and  diminishes  in  proportion  as  it 
approaches  the  point  by  which  it  is  fixed.  When  the  bar 
ceases  to  be  within  the  axis  of  the  bobbin,  the  elongation 
still  remains ;  but  it  is  accompanied  by  a  lateral  movement 
in  the  direction  of  the  radius  of  the  bobbin.  The  bobbin 
that  was  employed  by  Mr.  Wertheim  was  9*84  in.  long,  and 
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7  in.  in  interior  diameter ;  glasses  of  a  magnifying  power  of 
about  20  diameters^  and  containing  two  steel  wires^  were 
used  to  measure  the  elongation  and  the  lateral  displacement. 
This  displacement^  or,  what  comes  to  the  same  thing,  the 
versed  sine  of  the  curvature  of  the  bar,  measured  at  its  ex- 
tremity, was  determined  for  different  intensities  of  current ; 
and  it  appeared  that  it  was  in  general  proportional  to  this 
intensity,  but  it  varied  for  each  position  of  the  bar  in  the 
interior  of  the  bobbin.  However  it  may  be,  we  are  able  to 
find  for  each  of  these  positions  the  mechanical  equivalent  of 
the  unit  of  the  intensity  of  the  current,  namely,  the  weight 
which,  when  applied  at  the  extremity  of  the  bar,  would 
produce  the  same  versed  sine.  Thus,  for  example,  by  calling 
the  length  of  the  part  of  the  radius,  comprised  between  the 
axis  of  the  bar  and  the  axis  of  the  bobbin,  D,  the  versed  sine 
of  the  curve  /,  the  weight  that  would  produce  the  same 
versed  sine  P,  the  following  results  have  been  obtained  by 
acting  successively  upon  three  bars  of  iron,  the  respective 
masses  of  which  were  100,  40*5,  and  25*5  :  — 


No.  of  Bare. 

ForD«80. 

ForD«50. 

1 
2 
3 

/ 
•4386  feet 
3-0632  — 
1-5249  — 

P 

98-92  grs.  Tr. 
41-26      — 
22-57       — 

•2385  feet     |  53-86  grs.  Tr. 
1-5573  -       '  23^      — 
•9360  —      '  12-55      — 

We  calculate  P  from  the  formula  P  ='^^3  ,  in  which  /  is 

the  versed  sine  of  the  curvature,  g  the  coeflScient  of  elasticity, 
which  is  27122653  lbs.  avoirdupois  per  square  inch  for  soft 
iron,  b  and  c  the  width  and  thickness  of  the  bar,  and  L  its 
length  from  its  fixed  point  to  its  free  extremity.  From  the 
preceding  table,  we  deduce  the  value  of  the  mechanical  forces 
that  are  between  them;  for  D  =  80,  as  100  2  41-71  :  22-81 ; 
and  for  d  =  50,  as  100  :  40-50  :  23-34.  So  we  may  conclude, 
since  the  masses  of  the  three  bars  are  together  as  100 :  40-5 : 
25-5,  that  the  effect,  which  is  here  an  attraction,  is  propor- 
tional to  the  mass  of  iron  upon  which  the  current  is  acting 
.We, in  like  manner,  find  that  it  is  proportional,  to  the  inten- 
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sity  of  the  current ;  which  would  render  it  an  easy  matter  to 
construct  upon  this  principle  a  very  sensible  galvanometer^ 
by  employing  a  prismatic  bobbin  and  a  wide  and  thin  iron 
band. 

Thus^  all  the  experiments  that  we  have  been  relating^  lead 
us  to  recognise  that  there  is  produced,  by  the  effect  of  mag- 
netisation, a  mechanical  traction  due  to  a  longitudinal  com- 
ponent and  to  a  transverse  component;  that  the  latter  be- 
comes null  when  the  bar  is  situated  in  the  centre  of  the 
Helix ;  that  they  are  both  proportional  to  the  intensity  of  the 
current  and  to  the  mass  of  the  iron. 

It  is  a  more  difficult  matter  to  verify  the  effect  of  the 
transmitted  current  than  that  of  the  exterior  current,  by 
which  magnetisation  is  produced.  In  fact,  in  the  former 
case,  the  mechanical  effect  of  the  current  is  very  difficultly 
separated  from  its  calorific  effect.  However,  it  follows,  from 
some  of  Mr.  Beatson^s  experiments,  that  an  iron  wire,  at  the 
instant  it  is  put  into  the  circuit,  appears  to  imdergo  a  small 
sudden  expansion,  and  one  very  distinct  from  the  dilatation 
that  results  in  it,  as  in  other  metals,  from  the  heating 
produced  by  the  passage  of  the  current. 

These  mechanical  effects,  being  once  well  studied,  we  can 
return,  with  greater  knowledge  of  the  cause,  to  the  study  itself 
of  the  sounds  that  accompany  both  magnetisation  and  the 
transmission  of  currents. 

M.  Wertheim  has  in  a  perfectly  accurate  manner  verified 
the  existence  of  a  longitudinal  sound  in  an  iron  or  steel  bar 
when  placed  in  the  centre  of  helices  traversed  by  discon- 
tinuous currents.  This  sound,  which  is  similar  to  that  pro- 
duced by  friction,  is  due,  as  is  proved  by  direct  experiment, 
to  vibrations  actually  made  in  the  direction  of  the  axis. 
With  wires  substituted  for  bars,  the  effects  are  the  same, 
except  that,  when  the  tension  diminishes,  we  hear,  in  addition 
to  the  longitudinal  sound,  a  very  peculiar  metallic  noise, 
which  seems  to  run  along  the  wire,  as  well  as  other  peculiar 
noises.  With  transmitted  currents  we  also  hear  the  longi- 
tudinal sound :  and  it  remains  nearly  the  same  in  intensity 
whether  the  current  traverses  only  a  part  of  the  bar,  or  tra- 
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verses  the  whole ;  a  proof  of  the  analogy  existing  between 
the  action  of  the  transmitted  current  and  that  of  any  other 
mechanical  force,  such  as  friction ;  equally  a  proof  that  the 
sound  is  not  due  to  vibrations  of  a  particular  kind,  engen- 
dered by  the  current  The  longitudinal  sound  occurs  equally 
in  bars  and  in  wires ;  but  when  we  operate  with  wires,  if 
they  are  not  well  stretched,  the  longitudinal  sound  is  accom- 
panied by  the  divers  noises  of  which  we  have  spoken.  In 
fine,  whether  with  bars  or  wires,  every  time  the  current  is 
transmitted,  but  only  in  the  parts  where  it  passes,  we  hear 
a  dry  noise,  a  crepitation  similar  to  that  of  the  spark,  and 
which  is  transformed  into  a  distinct  sound  only  in  the  stretched 
portion,  if  it  is  a  wire  that  is  in  the  circuit. 

Such  are  the  facts  established  by  M.  Wertheim's  researches : 
tliey  are  of  a  nature  to  confirm  the  deduction  I  had  drawn 
before  him  from  the  simple  study  of  the  sonorous  phenomena, 
namely,  that  magnetisation  on  the  passage  of  the  electric 
current  produces  a  molecular  derangement  in  magnetic 
bodies,  and  that  the  sounds  arise  from  the  oscillations  that 
are  experienced  by  the  particles  of  bodies  aroimd  their 
position  of  equilibrium,  under  the  influence  of  currents, 
whether  exterior  or  transmitted.  But  what  now  is  the 
nature  of  this  molecular  derangement  ?  and  how  is  it  able 
to  determine  both  the  mechanical  effects  and  the  sonorous 
effects  that  we  have  described  ? 

When  the  action  of  exterior  currents  is  in  question,  we 
may  form  a  tolerably  exact  idea  of  the  nature  of  the  molecular 
derangement  brought  about  by  magnetisation.  For  this 
purpose,  we  have  merely  to  refer  back  to  the  experiment  in 
which  either  fragments  of  wire  or  iron  filings  are  placed  in 
the  interior  of  a  heUx  whose  axis  is  vertical.  As  soon  as  the 
current  is  made  to  pass  through  the  wire  of  this  helix,  the 
fragments  of  iron  wire  all  place  themselves  parallel  to  the  axis, 
that  is  to  say,  vertically,  and  the  filings  arrange  themselves  in 
small  elongated  pyramids  in  the  direction  of  the  axis,  which 
destroy  themselves  and  rapidly  form  again  when  the  current 
is  intermittent*  The  action  of  the  helix,  therefore,  upon 
filings  consists  in  grouping  them  under  the  forms  of  filaments 


Digitized  by 


Google 


CHAP.  III.     MAGNETISATION   BT   DYNAMIC   ELECTBICITY.    311 

parallel  to  the  axis^  filaments  which  gravity  alone  prevents 
being  as  long  as  the  helix  itself.  This  experiment  succeeds 
equally  well  with  impalpable  powder  of  iron  as  with  filings  ; 
it  succeeds  equally  well  with  powder  of  nickel  and  cobalt 
Only  if  the  current  that  traverses  the  helix  is  discontinuous, 
very  different  effects  are  observed  with  each  of  these  three 
metals — effects  that  depend,  as  to  their  particular  nature, 
upon  the  greater  or  less  number  of  interruptions  which  the 
current  experiences  in  a  given  time.  The  pyramids  of  filings 
are  at  their  maximum  of  height  when  the  disc  that  sustains 
them  is  in  the  middle  of  the  helix.  They  turn  under  the 
influence  of  discontinuous  currents,  providing  the  succession 
of  these  currents  is  not  too  rapid,  so  that  there  are  not  more 
than  60  or  80  in  a  second.  With  160  there  is  no  longer 
any  effect  These  differences  are  indirectly  due  to  the  fact, 
that  the  softest  iron  has  still  some  coercitive  force,  and  that  it 
requires  a  certain  time  for  magnetising  and  demagnetising. 
By  comparing  under  this  relation  iron,  nickel,  and  cobalt,  all 
reduced  to  an  impalpable  powder,  and  prepared  by  hydro- 
gen, we  find  that  nickel  still  manifests  movements  for  a 
velocity  of  succession  of  currents,  at  which  iron  ceases  to 
manifest  any ;  and  that  cobalt,  on  the  contrary,  ceases  to 
manifest  them  before  iron,  which  is  quite  in  accordance 
with  what  we  know  of  the  coercitive  force  of  these  three 
metals. 

The  following  is  an  experiment  of  Mr.  Grove's,  which 
demonstrates  in  an  elegant  manner  this  tendency  of  the 
particles  of  magnetic  bodies  to  group  themselves,  under  the 
influence  of  magnetisation,  in  a  longitudinal  or  axial  direction. 
A  glass  tube,  closed  at  its  two  extremities  by  glass  plates, 
is  filled  with  water  holding  in  suspension  fine  powder  of 
a  magnetic  oxide  of  iron.  On  looking  at  distant  objects 
through  this  tube,  we  perceive  that  a  considerable  proportion 
of  the  light  is  interrupted  by  the  irregular  dissemination  of 
the  solid  particles  in  the  water.  But,  as  soon  as  an  electric 
current  traverses  the  wire  of  a  helix,  with  which  the  tube  is 
surrounded,  the  particles  of  oxide  arrange  themselves  in  a 
regular  and  symmetrical  manner,  so  as  to  allow  the  larger  pro- 
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portion  of  the  light  to  pass.  The  particles  in  this  case  are  not 
small  fragments  of  iron  wire,  artificially  disaggregated  from 
a  more  considerable  mass,  but  iron  precipitated  chemically, 
and  consequently  in  its  natural  molecular  state,  such  as  con- 
stitutes a  solid  body  by  its  aggregation. 

This  disposition  of  the  particles  of  iron  and  of  magnetic 
bodies  to  approach  each  other  in  the  transverse  direction,  and 
to  extend  in  the  longitudinal  direction,  under  the  influence  of 
an  exterior  magnetisation,  which  is  probably  due  to  the  form 
of  the  elementary  molecules  and  to  the  manner  in  which  they 
are  polarised,  is  now  established  in  an  irrefragable  manner  by 
direct  and  purely  mechanical  proofs. 

It  is  easy  to  see  that  it  accounts  in  the  clearest  manner  for 
the  production  of  sound  in  a  bar  or  a  wire  subjected  to  the 
influence  of  the  intermittent  current  of  the  helix.  The  par- 
ticles contending  against  cohesion  arrange  themselves  in  the 
longitudinal  direction  when  the  current  acts,  and  return  to 
their  primitive  position  as  soon  as  it  ceases :  there  follows 
from  this  a  series  of  oscillations,  which  iare  isochronous  with 
the  intermittence  of  the  current.  All  these  effects  are  much 
more  decided  in  soft  iron  than  in  steel  or  hardened  iron, 
because  the  particles  of  soft  iron  are  much  more  mobile 
around  their  position  of  equilibrium. 

I  have  also  remarked  that  both  iron  and  steel,  when 
they  are  already  magnetised  in  a  permanent  manner  by  the 
current  transmitted  through  a  second  helix,  or  by  the  action 
of  an  ordinary  magnet,  do  not  experience  such  strong  vi- 
brations when  the  discontinuous  current  tends  to  magnetise 
them  in  the  direction  in  which  they  are  already  magnetised, 
but  stronger  ones  in  the  contrary  case.  It  is  evident  that,  in 
the  former  case,  the  particles  already  possess,  in  very  nearly 
a  permanent  manner,  the  position  that  the  exterior  action  to 
which  they  are  submitted  tends  to  impress  upon  them ;  while, 
in  the  latter  case,  they  are  farther  removed  from  it  than  they 
are  in  their  natural  position.  Much  more  powerful  oscilla- 
tions, therefore,  ought  to  occur  to  them  around  their  position 
of  equilibrium  in  the  latter  case,  and  less  powerful  in  the 
former,   than   when  they  are  in  their  normal  position,   at 
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the  moment  when  the  discontinuous   current   exercises   its 
action. 

The  effects  of  the  transmitted  current  are  due  to  an  action 
of  the  same  order,  but  acting  in  a  different  direction.  In 
order  to  analyse  this  action  well,  we  must  study  the  distribution 
of  iron  filings  around  a  wire  of  iron,  or  of  any  other  metal 
traversed  by  a  powerful  electric  current  These  filings  always 
place  themselves  so  as  to  form  lines  perpendicular  to  the  di- 
rection of  the  current,  and  consequently  parallel  to  each  other. 
This  is  very  readily  perceived  by  fixing  the  conducting  wire 
in  a  groove  formed  in  a  wooden  plank,  covered  with  a  sheet 
of  paper,  upon  which  the  filings  are  placed.  The  latter 
arrange  themselves  transversely  above  the  wire,  whatever 
be  the  manner  in  which  it  is  curved,  forming  small  filaments 
of  the  sixth  or  eighth  of  an  inch  in  length,  which  present 
opposite  poles  at  their  two  extremities.  When  the  conducting 
wire  is  free,  these  filaments,  instead  of  remaining  rectilinear, 
join  together  by  their  two  edges  and  envelope  the  surface  of 
the  wire,  forming  around  it  a  closed  curve,  like  a  species  of 
envelope  composed  of  rings,  that  cover  each  other  and  are 
pressed  against  each  other.  Now,  the  arrangement  assumed 
by  the  particles  of  iron  filings  round  any  conducting  wire,  as 
well  iron  as  every  other  metal,  when  it  transmits  a  current, 
ought  to  be  in  like  manner  assumed  by  the  molecules  of  the 
very  surface  of  a  soft  iron  wire  itself  traversed  by  a  current, 
under  the  influence  of  the  current  transmitted  by  the  entire 
mass  of  the  wire.  This  also  is  equally  demonstrated  by  the 
mechanical  effects  studied  by  Joule  and  Beatson.  It  follows, 
therefore,  that  when  the  transmitted  current  is  intermittent, 
the  particles  of  the  surface  of  the  iron  wire  oscillate  between 
the  transverse  position  and  their  natural  position,  and  that 
there  is  consequently  a  production  of  vibrations.  These 
oscillations  ought  to  be  the  more  easy,  and  consequently  the 
vibrations  more  powerful,  as  the  iron  is  softer :  with  hardened 
iron,  and  especially  with  steel,  there  is  a  greater  resistance  to 
be  overcome;  thus  the  effect  is  less  sensible.  If  the  wire 
that  transmits  the  discontinuous  current  is  itself  traversed  by 
a   continuous  current,  moving  in  the  same  direction  as  the 
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discontinuous  one^  the  oscillatorj  movement  ought  to  be  an- 
nulled^ or  at  least  notably  diminished^  since  the  transmission 
of  the  continuous  current  impresses  upon  the  particles  in  a 
permanent  manner  the  position  which  the  passage  of  the 
discontinuous  current  tends  to  give  them  in  a  temporary 
manner.  Thus  the  sound  in  this  case  would  completely  dis- 
appear,  or  notably  diminish.  If  the  wire  is  of  steel,  or  of  well 
hardened  iron,  the  continuous  current  is  on  the  contrary 
favourable,  by  its  presence,  to  the  oscillating  action  of  the 
discontinuous  current,  because  it  deranges  the  particles  from 
their  normal  position,  without,  however,  being  able  completely 
to  impress  upon  them  the  transverse  direction  on  account  of 
the  too  great  resistance  they  oppose  to  a  displacement,  which  is 
easily  brought  about  in  soft  iron.  The  two  currents  united 
produce  what  a  single  current  would  not  be  able  to  accomplish, 
or  would  accomplish  less  effectually,  and  the  sound  is  then 
reinforced,  as  is  proved  by  experiment 

In  support  of  the  explanation  that  I  have  just  given,  I  have 
found  that  a  copper  wire,  with  a  thin  envelope  of  iron  which 
is  contiguous  to  it,  gives  rise  to  the  same  effects,  and  of  nearly 
the  same  intensity,  when  the  discontinuous  current  traverses 
it,  as  if  it  were  entirely  of  iron ;  the  sound  is  merely  less 
musical ;  it  resembles  that  which  M.  Wertheim  designated 
under  the  name  of  "metallic"  (tron-y,  feraUle).  As  this 
result  might  be  attributed  to  a  part  of  the  current  traversing 
the  iron  envelope  itself,  instead  of  circulating  exclusively 
through  the  copper  wire,  I  insulated  the  latter  by  means  of  a 
thin  covering  of  silk  or  wax,  so  that  the  iron  cylinder  that 
surrounds  it  is  not  able  to  communicate  metallically  with  the 
copper.  The  effect  is  exactly  the  same  as  in  the  preceding 
case,  that  is  to  say,  the  discontinuous  current  that  traverses 
the  copper  wire  determines  a  series  of  vibrations  in  the  iron 
envelope,  which  proves  that  we  may  admit  that  the  same 
effect  is  produced  upon  the  surface  of  an  iron  wire,  which 
itself  transmits  the  current  With  regard  to  the  envelope, 
we  can  easily  prove  that  it  experiences  a  transverse  magnetis- 
ation, when  the  copper  wire  is  in  the  voltaic  circuit ;  for,  if 
we  make  in  it  a  small  longitudinal  groove,  we  perceive  that 
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the  iron  filings  are  attracted  upon  its  two  edges^  which  have 
also  an  opposite  polarity. 

The  detailed  explanation  that  we  have  given  of  the  molecular 
phenomena^  which^  in  magnetic  bodies^  accompany  the  action 
of  currents  both  exterior  as  well  as  interior^  finds  a  further 
confirmation  in  the  observation  of  several  facts  of  different 
kinds.  Thus  I  have  remarked  that  permanent  magnetisation^ 
whether  impressed  upon  a  sofk  iron  rod  by  the  action  of  an 
enveloping  helix,  or  by  the  action  of  a  powerful  electro- 
magnet, increases,  in  a  very  decided  manner,  the  intensity  of 
the  sounds  that  are  given  out  by  this  rod,  when  traversed  by 
a  discontinuous  current  This  reinforcement  is  in  fact  evi- 
dently due  to  the  conflict  that  is  established  between  the 
longitudinal  direction  that  is  impressed  upon  the  particles  of 
iron  by  the  influence  of  the  magnetisation,  and  the  transverse 
direction  that  the  passage  of  the  current  tends  to  give  to 
them.  The  oscillations  of  the  particles  ought  necessarily  to 
have  greater  amplitude,  since  they  occur  between  more  ex- 
treme positions.  The  effect  is  more  decided  with  soft  iron 
rods  than  with  those  of  steel,  and  especially  tempered  steel. 
Mr.  Beatson  arrived  at  a  similar  result  by  quite  another 
method.  He  observed,  that  if  a  continuous  current  traverses 
a  wire,  and  if,  at  the  same  time,  it  is  subjected  to  the  action 
of  a  helix  in  which  a  discontinuous  current  is  passing,  the 
wire  will  undergo  a  series  of  contractions  and  expansions 
which  become  inappreciable,  if  the  continuous  current  ceases 
to  be  transmitted,  even  when  the  helix  continues  to  act  in  the 
same  manner.  The  author  drew  from  this  the  same  conclusion 
that  I  had  deduced  from  the  sonorous  effects,  namely,  that 
the  action  of  the  helix  impresses  upon  the  particles  of  iron 
an  opposite  state  to  that  which  is  produced  by  the  transmitted 
current,  and  that  one  of  these  actions  has  the  tendency  to 
invert  the  arrangement  which  the  other  tends  to  establish. 

A  very  curious  fact  is  that  magnetisation  tends  to  impress 
upon  the  particles  of  soft  iron  an  arrangement  similar  to  that 
which  they  possess  in  tempered  steel,  even  before  it  is  mag- 
netised. What  confirms  the  correctness  of  this  remark  is, 
that  the  sound  which  magnetised  soft  iron  gives  out  under 
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the  action  of  the  transmitted  current,  is  not  only  more  power- 
ful than  it  is  when  there  is  no  magnetisation,  but  it  also 
acquires  a  peculiar  dry  tone,  which  makes  it  resemble  that 
which  steel  gives  out  without  being  magnetised. 

The  very  remarkable  influence  of  tension,  which,  beyond  a 
certain  limit,  diminishes  in  soft  iron  wires  their  aptitude  to 
give  sounds,  is  a  further  consequence  of  our  explanation. 
In  fact,  the  molecules,  by  the  eflfect  of  tension,  uindergo  a 
permanent  derangement  in  their  normal  position,  and  are 
consequently  found  crippled  in  their  movements,  and  are 
no  longer  able,  under  the  influence  of  exterior  or  interior 
causes,  to  execute  the  oscillatory  movements,  and  consequently 
the  vibrations  which  constitute  the  sound. 

Two  facts,  of  a  character  altogether  difierent  from  the 
preceding,  still  further  show  that  the  magnetisation  of  iron 
is  always  attended  by  a  molecular  change  in  its  mass.  The 
first  of  these  facts  was  discovered  by  Mr.  Grove,  It  is,  that 
an  armature  of  soft  iron  experiences  an  elevation  of  tempera- 
ture of  several  degrees  when  it  is  magnetised  and  demagnetised 
several  times  successively  by  means  of  an  electro-magnet,  or 
even  of  an  ordinary  magnet  set  in  rotation  in  front  of  it. 
Cobalt  and  nickel  present  the  same  phenomenon,  but  in  a 
somewhat  slighter  degree ;  whilst  non-magnetic  metals,  placed 
under  exactly  the  same  circumstances,  do  not  present  the 
slightest  traces  of  calorific  effects.  This  experiment  can  only 
be  explained  by  admitting  that  the  development  of  heat 
arises  from  the  molecular  changes  which  accompany  mag- 
netisation and  demagnetisation.  The  second  fact,  which  is  no 
less  important,  is  due  to  Dr.  Maggi  of  Verona,  who  proved 
that  a  circular  plate  of  very  homogeneous  soft  iron  conducts 
heat  with  more  facility  in  one  direction  than  in  the  other, 
when  it  is  magnetised  by  a  powerful  electro-magnet ;  whilst, 
when  it  is  in  the  natural  state,  its  conductibility  is  the  same 
in  all  directions,  and,  consequently,  perfectly  uniform.  The 
plate  is  covered  with  a  thin  coating  of  wax  melted  with  oil, 
and  the  heat  arrives  at  its  centre  by  a  tube  that  traverses  it, 
and  in  the  interior  of  which  the  vapour  of  boiling  water  is 
passing.     The  plate  is  placed  horizontally  on  the  two  poles  of 
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a  powerful  electro-magnet,  several  insulating  cards  preventing 
contact  between  it  and  the  iron  of  the  electro-magnet.  So 
long  as  it  remains  in  its  natural  state,  the  curves  that  bound 
the  melted  wax  assume  the  circular  form,  which  indicates  a 
uniform  conductibilitj  for  heat  in  all  directions.  But,  as 
soon  as  the  electro-magnet  is  magnetised,  the  curves  are  de- 
formed ;  and  they  are  always  elongated  in  a  direction  perpen- 
dicular to  the  line  that  joins  the  magnetic  poles ;  which  proves 
that  the  conductibility  is  better  in  the  direction  perpendicular 
to  the  magnetic  axis  than  in  the  direction  of  the  axis ;  a  result 
in  accordance  with  the  fact  that  we  have  established,  that  the 
particles  of  iron  approach  each  other,  by  the  effect  of  mag- 
netisation, in  the  direction  perpendicular  to  the  length  of  the 
magnet,  and  recede  in  the  direction  of  that  length,  which  is 
always  the  magnetic  axis. 

Influence  of  Molecular  Actions  upon  Magnetism  produced  by 
Dynamic  Electricity. 

We  have  seen  that  heat,  tension,  and  mechanical  actions 
generally  facilitate  magnetisation.*  M.  Matteucci  has  found 
that  torsion  and  percussive  and  mechanical  actions,  not  only 
facilitate  the  magnetisation  produced  upon  soft  iron  by  a 
helix  that  is  traversed  by  a  powerful  current,  but  they 
also  contribute,  when  the  current  has  ceased  to  pass,  to  the 
•destroying  the  magnetism  in  a  very  rapid  manner.  The 
same  philosopher  has  likewise  observed,  that  torsion,  when 
it  does  not  pass  beyond  certain  Umits,  augmented  the  mag- 
netisation produced  upon  steel  needles  by  discharges  of  the 
Leyden  jar. 

M.  Marianini,  who  has  made  numerous  and  interesting 
researches  upon  magnetisation,  arrived  at  curious  results 
upon  the  aptitude  that  iron  bars  may  acquire  of  becoming 
more  easily  magnetised  in  one  direction  than  in  another,  and 
even  in  being  little  or  much  magnetised  by  the  influence  of 
the  same  cause.     When  an  iron  bar  has  been  magnetised  by 

*  M.  Lagerhjelm  observed  that  iron  becomes  strongly  magnetic  by  rupture.    \ 
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the  influence  of  an  instantaneous  current  that  circulates 
around  it^  and  when  it  has  lost  this  magnetisation  by  the 
action  of  a  contrary  current,  it  is  more  apt  to  be  magnetised 
afresh  in  the  former  case  than  in  the  latter.  We  are  able, 
by  contrary  currents,  to  give  it  even  more  aptitude  to  be 
magnetised  in  the  latter  direction  than  in  the  former.  The 
augmentation  of  aptitude  that  it  acquires  of  being  magnetised 
in  one  direction  is  equal  to  the  loss  of  aptitude  that  it  ex- 
periences for  being  magnetised  in  the  other  direction.  But, 
by  reiterating  the  action  of  the  currents  upon  the  same  bar, 
the  increase  of  aptitude  in  one  direction,  and  the  corresponding 
diminution  in  the  other,  become  always  more  and  more  feeble. 
The  modifications  of  aptitude  for  acquiring  magnetisation  are 
accompanied  by  modifications  in  the  aptitude  for  losing  this 
magnetisation;  but  in  such  direction  that  the  latter  is  the 
reverse  of  the  former. 

Willing  to  enter  more  deeply  into  the  study  of  the  efiects 
that  we  have  been  relating,  M.  Marianini  subjected  iron  to 
different  physical  and  mechanical  actions.  First  of  all,  he 
satisfied  himself  that  neither  elevation  of  temperature,  nor 
especially  the  cooling  by  which  it  is  followed,  neither  per- 
cussion nor  torsion,  nor  a  violent  shock,  nor  any  mechanical 
action,  even  the  most  energetic,  are  able  of  themselves  to 
determine  magnetisation ;  nor,  indeed,  does  the  discharge  of  a 
Leyden  jar  through  an  iron  bar  magnetise  it  But  these 
various  operations,  incapable  of  magnetising,  may  all  serve  to. 
destroy  the  polarity  of  magnetised  bodies ;  the  quantity  of 
magnetic  force  that  they  thus  lose,  when  their  aptitude  has 
not  been  altered,  is  the  greater  as  the  magnetisation  has  been 
more  feeble.  But  if,  after  having  undergone  one  of  these 
actions,  the  bar  has  still  preserved  a  little  magnetism,  it  can 
no  longer  lose  it  by  this  or  by  any  similar  action. 

What  is  very  remarkable  is,  that  when  the  magnetism  of 
a  bar  has  been  destroyed,  on  remagnetising  it  in  a  contrary 
direction  by  a  succession  of  instantaneous  currents,  so  that 
its  magnetisation  is  null,  we  may  restore  to  it  its  former  mag- 
netism by  means  of  a  violent  shock,  —  by  letting  it  fall,  for 
instance,  on  the  pavement  from  the  height  of  a  couple  of 


Digitized  by 


Google 


CHAP.  UL    MAGNETISATION   BY  DYNAMIC   ELECTRICITY.     319 

yards.  The  greater  the  height  of  the  fall,  the  more  powerful 
is  the  magnetism  it  recovers.  Thus,  a  bar,  that  made  a 
needle  deviate  60®,  having  been  brought  by  a  succession  of 
discharges  to  exercise  no  deviation  beyond  0%  gave  14°  on 
falling  from  a  height  of  12-8  ft,  15°  SC  on  falling  from  a 
height  of  15-0  ft.,  and  2V  on  falling  from  a  height  of  6-4  ft. 
This  new  polarity  was  in  the  same  direction  as  the  primitive  one. 

Even  when,  by  destroying  the  primitive  magnetisation  of 
the  bar,  we  have  actually  imparted  to  it  a  new  one  in  a  con- 
trary direction,  we  find,  on  letting  it  fall  upon  the  pavement, 
that  we  restore  to  it  the  first  that  it  possessed.  M.  Marianini 
would  be  disposed  to  beUeve,  from  this  experiment  and  other 
similar  ones,  that  the  bar  had  retained  its  former  magnetisation 
while  still  acquiring  the  contrary  one,  which  neutralised  the 
effect  of  the  first,  and  even  surpassed  it;  and  the  shock 
merely  destroyed  the  second,  either  in  whole  or  in  part, 
which  permitted  the  former  to  reappear.  Flexion,  iriction, 
heat,  or  an  electric  discharge  traversing  the  iron  directly, 
may  take  the  place  of  the  shock,  particularly  when  very  fine 
wires  are  in  question. 

The  action  that  is  exercised  by  an  instantaneous  discharge 
through  the  wire  of  a  helix  upon  a  body  already  magnetised, 
increases  or  diminishes  the  magnetism  of  this  body  according 
to  the  direction  in  which  it  is  sent;  but  this  increase  or 
diminution  is  the  less  sensible  as  the  iron  is  more  mag- 
netised. In  any  case,  a  given  instantaneous  current  produces 
proportionately  more  effect  when  it  is  made  to  act  with  a 
view  of  diminishing  the  polarity  in  the  magnetised  bodies 
than  when  it  is  made  to  act  with  a  view  of  increasing  it. 

M.  Marianini,  in  order  to  explain  the  results  of  tl^se  ex- 
periments, admits  a  difference  between  what  he  calls  polarity 
and  maffnetUm,  Thus,  the  same  magnet,  although  deprived 
of  polarity,  may  very  readily  retain  magnetism,  when  mag- 
netised at  one  time  in  two  contrary  directions  with  an  equal 
force.  We  must  then  suppose  that  contrary  magnetic 
systems,  producing  equilibrium,  are  able  to  exist  in  iron,  and 
that  exterior  forces,  such  as  a  current  or  a  mechanical  action, 
do  not  act  with  the  same  energy  upon  the  opposite  systems. 
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This  opinion,  which  does  not  as  yet  appear  to  us  to  rest  upon 
fects  suflSciently  numerous,  has,  however,  nothing  in  it  that 
is  inadmissible ;  nothing,  in  fact,  opposes  there  being  in  the 
same  bar  a  certain  number  of  particles,  arranged  so  as  to 
produce  a  magnetisation  in  a  certain  direction,  and  others  so 
as  to  produce  magnetisation  in  the  opposite  direction;  as, 
for  example,  the  interior  particles  may  be  found  to  have  in 
this  respect  an  arrangement  the  opposite  of  those  on  the 
surface ;  and  that  such  exterior  action  operates  proportionately 
with  greater  force  upon  the  one  than  upon  the  other.  This 
point  would  need  to  be  made  clear  by  further  observations, 
and  especially  by  comparative  experiments  made  upon  bars  of 
different  forms  and  different  dimensions;  upon  hollow  and 
solid  cylinders,  for  example. 

But  if  some  doubts  still  remain  upon  the  conclusions  that 
M.  Marianini  has  drawn  from  his  experiments,  there  are  not 
any  upon  the  new  proof  which  they  bring  in  favour  of  the 
connection  that  exists  between  magnetic  and  molecular  phe- 
nomena. The  different  degrees  of  aptitude  acquired  by  iron 
under  the  influence  of  certain  actions,  of  becoming  more  easily 
magnetised  in  one  direction  than  in  the  other,  are  all  quite 
in  hisirmony  with  the  disposition  with  which  the  particles  of 
bodies  are  endowed,  to  arrange  themselves  more  easily  in  one 
direction  than  in  another.  This  loss  of  aptitude,  after  the 
multiplied  repetition  of  the  contrary  actions,  corresponds  with 
the  indifference  to  arrange  themselves  in  one  manner  or  the 
other,  which  is  finally  presented  by  the  particles  of  bodies, 
after  having  experienced  numerous  derangements  in  different 
directions.*  Finally,  the  remarkable  effects  of  shock,  flexion, 
heat,  19.  fact,  of  all  those  actions  that  change  the  relative 
position  of  the  particles,  come  in  support  of  the  relation  that 
we  have  endeavoured  to  establish. 

The  whole  of  the  magneto-molecular  phenomena  that  we 
have  been  studying,  lead  us  to  believe  that  the  magnetisation 
of  a  body  is  due  to  a  particular  arrangement  of  its  molecules, 

♦  We  haye  a  remarkable  example  of  this  in  the  fragility  presented  by  iron, 
when  it  has  been  for  a  long  time  subjected  to  rapid  and  frxiqnent  vibrations,  as 
are  the  axles  of  locomottyes. 
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originally  endowed  with  magnetic  virtue ;  but  which,  in  the 
natural  state,  are  so  arranged,  that  the  magnetism  of  the  body 
that  they  constitute  is  not  apparent!  Magnetisation  would 
therefore  consist  in  disturbing  this  state  of  equilibrium,  or  in 
giving  to  the  particles  an  arrangement  that  makes  manifest 
the  property  with  which  they  are  endowed,  and  not  in  de- 
veloping it  in  thenu  The  coercitive  force  would  be  the 
resistance  of  the  molecules  to  change  their  relative  positions. 
Heat,  by  facilitating  the  movement  of  the  particles  in  respect 
to  each  other,  diminishes,  as  indeed  does  every  mechanical 
action,  this  resistance,  that  is  to  say,  the  coercitive  force* 

There  remains  an  important  question  to  be  resolved.  Are 
mechanical  or  other  actions — disturbers  as  they  are  of  the 
electrical  state — able  of  themselves  to  give  rise  to  mag- 
netism? or  do  they  only  facilitate  the  action  of  an  exterior 
magnetising  cause,  for  example,  terrestrial  magnetism,  which, 
in  the  absence  of  all  others,  is  ever  present?  M.  Marianini's 
researches  would  seem  to  be  favourable  to  the  latter  opinion : 
however,  the  facts  that  are  known  do  not  appear  to  us  suf- 
ficient as  yet  to  estfiblish  it  in  an  incontestable  manner.  Let  us 
remark  that,  even  although  it  should  be  established,  yet  the 
non-existence  of  a  previous  and  proper  polarity  of  magnetic 
bodies,  or  of  electric  currents,  circulating  around  them  in  a  de- 
terminate direction,  would  not  necessarily  follow.  We  should 
merely  conclude  from  it  that,  in  the  absence  of  an  exterior 
acting  cause,  the  particles,  when  left  to  themselves,  constantly 
arrange  themselves  so  as  to  determine  an  equilibrium  between 
their  opposed  polarities;  whence  results  the  nullity  of  all 
exterior  action. 


VOL.   I. 
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CHAP.  IV. 

GALVANOMETETl-MULTIPLIERS. 

Electro-magnetic  Galvanometers. 
We  have  pointed  out,  in  the  First  Part  of  this  work,  that 
we  may  make  use  of  the  calorific  and  chemical  properties  of 
the  voltaic  current  in  order  to  measure  its  intensity ;  and  we 
have  also  given  certain  details  of  galvanometers,  founded 
upon  these  properties.  But  the  action  exercised  by  a  current 
upon  a  magnetised  needle  has  furnished  a  means  in  every 
respect  far  superior  to  the  preceding,  for  determining  the 
existence  and  appreciating  the  force  of  an  electric  current. 
This  action,  in  fact,  is  the  only  one  that  is  general,  that  is  to 
say,  which  always,  and  in  all  cases,  accompanies  the  presence 
of  dynamic  electricity,  whatever  be  the  nature  of  the  circuit 
and  the  feebleness  of  this  electricity ;  whilst  the  other  actions 
occur  only  when  the  circuit  contains  a  conductor  capable 
of  manifesting  them,  and  when  the  current  is  endowed  with  a 
certain  energy.  Furthermore,  the  electro-magnetic  efifect  of 
the  current  is  instantaneous,  whilst  the  electro-chemical  effect 
must  necessarily  endure  for  a  certain  time,  in  order  to  be 
appreciated ;  and,  though  the  calorific  action  is  equally  instan- 
taneous, it  possesses  the  inconvenience  of  not  giving  the 
direction  of  the  current,  whilst  this  direction  is  indicated  in 
the  most  prompt  and  decided  manner  by  the  direction  of  the 
deviation  of  the  magnetised  needle. 

We  have  seen  that  a  conductor  traversed  by  a  current 
placed  above  a  needle,  but  very  near  to  it,  and  parallel  to  its 
axis,  makes  this  needle  deviate  to  the  east  or  to  the  west, 
according  as  it  is  moving  in  a  direction  from  north  to  south, 
or  from  south  to  north.  K  it  is  below ,  it  makes  it  deviate  to 
the  east,  when  it  is  moving  in  the  direction  from  south  to  north, 
and  to  the  west  when  it  is  moving  in  the  direction  from  north 
to  south.   It  follows  from  this,  that,  if  the  conductor  that  trans- 
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inits  the  cnrrent^  passing  first  above  the  needle^  is  bent  so  as  to 
return  below^  and  so  to  form  two  parallel  branches^  between 


u 


^ 


1      »     ))i 


X 


Fig.  132. 

which  the  needle  is  suspended  {Fig.  132.),  the  current,  that 
traverses  the  upper  branch,  tends  to  make  the  needle  deviate 
in  the  same  direction  as  the  current  that  traverses  the  lower 
one,  precisely  because  it  has  in  the  former  a  contrary  direction 
to  what  it  has  in  the  latter.  By  thus  arranging  the  wire  by 
which  the  current  is  transmitted,  we  obtain  an  action  upon 
the  needle  twice  as  powerful  as  if,  being  retained  rectilinear, 
instead  of  being  bent,  it  had  acted  only  above  or  below.  But, 
instead  of  bending  it  once  only,  we  may  bend  it  twice,  which 
doubles  the  effect ;  three  times,  which  trebles  it ;  in  a  word, 
we  can  cause  the  wire  to  make  a  very  great  number  of  con- 
volutions, and  can  so  multiply  by  a  considerable  quantity  the 
action  of  the  current  upon  the  magnetised  needle.  It  follows 
from  this  that  a  very  feeble  current,  whose  action  would  be 
scarcely  sensible  if  the  wire  by  which  it  is  transmitted  made 
but  one  convolution,  is  able  to  exert  a  very  marked  action 
when  the  number  of  convolutions  becomes  considerable.  This 
apparatus  has  therefore  been  named  the  galvanometer^nultiplier. 
It  is  also  sometimes  called,  and  rightly  so,  the  Rheometer — 
measurer  of  a  current  It  is  to  a  German  philosopher,  M . 
Schweigger,  that  we  owe  the  original  idea  of  the  galvanometer- 
multiplier. 

In  order  to  construct  it,  we  take  the  precaution  to  employ 
a  copper  wire  covered  with  silk,  so  that  the  different  convo- 
lutions may  be  juxtaposed  and  superposed,  without  there  being 
a  direct  metallic  communication  from  one  convolution  to  the 
other,  and  so  that  the  current  may  thus  traverse  the  wire  in 
all  its  length.  We  coil  the  wire  round  a  wooden  or  metal 
frame,  solidly  fixed  upon  a  stand,  and  which  leaves  between 

T    2 


Digitized  by 


Google 


324  MAGNETISM  AND  ELECTRO-DYNAMICS.         PART  ni. 

its  lower  and  upper  surface  the  smallest  possible  space ;  it  is 

in  the  interior  of  this  space 
that  the  magnetised  needle  is 
suspended:  the  two  ends  of 
the  wire,  which  are  carefully 
deprived  of  the  silk  that  covers 
them,  serve  to  place  the  gal- 
vanometer, that  is  to  say,  the 
wire  of  the  instrument,  in  the 
circuit  {Fig.  133.).  At  the 
^*S'  ^^^'  moment  when  a  circuit  is  thus 

closed,  providing  that  a  current  is  propagated  in  it,  we  see 
the  needle  move ;  the  direction  in  which  it  moves  indicates 
the  direction  of  the  current,  the  presence  of  which  is  detected 
by  this  movement ;  and  the  number  of  degrees,  or  the  size  of 
the  arc  of  deviation,  enables  us  to  appreciate  its  intensity. 

NobiWs  Galvanometer-multiplier. 

In  order  to  increase  the  sensibility  of  the  galvonometer- 
multiplier,  M.  Nobili  conceived  the  ingenious  idea  of  neutra- 
lising the  directive  force  of  terrestrial  magnetism,  which  tends, 
in  opposition  to  the  action  of  the  current,  to  maintain  the 
needle  in  its  normal  direction,  or  to  bring  it  back  to  it,  by 
employing,  instead  of  a  single  magnetised  needle,  two  needles 
that  are  fixed  parallel  to  each  other,  the  reverse  poles  facing 
each  other  at  the  extremities  of  a  small  rod  of  straw  or  metal, 
which  passes  through  their  centres  of  gravity.  One  of  the 
needles  is  placed  within  the  frame  and  the  other  without ;  so 
that,  as  may  be  easily  seen,  the  deviation  which  the  current 
tends  to  impress  upon  the  former  accords  with  that  which 
it  produces  upon  the  latter,  the  position  of  the  poles  being  in 
the  one  the  reverse  of  what  it  is  in  the  other ;  for,  if  they  had 
their  homogeneous  poles  turned  on  the  same  side,  they  would 
on  the  contrary  deviate  in  opposite  directions,  the  one  being 
above  and  the  other  below.  Thus,  there  follows  from  the 
addition  of  this  second  needle,  a  considerable  increase  in  the 
sensibility  of  the  apparatus.      It  is  necessary  that  the  two 
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needles  should  be  as  similar  as  possible ;  they  are  suspended 
to  a  cocoon  filament  fixed  to  the  upper  extremity  of  the  small 
stem  by  which  they  are  united.  If  they  had  exactly  the  same 
magnetic  force,  this  system  would  be  astatic; — that  is  to  say, 
would  not  experience  any  directive  action  on  the  part  of  the 
earth,  and  would  remain  in  equilibrium  in  all  azimuths.  It 
would  be  a  difficult  matter  to  obtain  this  result :  moreover, 
it  is  necessary  that  the  system  of  two  needles  should  have  a 
slight  directive  force,  in  order  to  be  able  to  assume  a  deter- 
minate position;  and  that,  consequently,  one  of  the  needles 
should  have  a  little  more  powerful  magnetism  than  the  other. 
We  must  be  careful,  in  the  construction  of  the  galvanometer, 
to  choose  a  copper  wire  as  much  deprived  of  iron  as  possible, 
which  is  not  always  easy ;  in  this  respect  copper,  not  brass, 
is  preferable.  With  regard  to  the  dimensions  of  the  wire, 
they  depend  upon  the  kind  of  circuit  into  which  it  is  to  be  in- 
troduced. If  it  is  a  circuit  whose  conductibility  is  imperfect, 
which  contains  liquids,  for  example,  it  is  advantageous  to  have 
a  long  and  consequently  a  fine  wire,  in  order  that  its  convo- 
lutions may  be  as  near  as  possible  to  the  needle ;  in  fact,  the 
introduction  into  the  circuit  of  such  a  wire  as  this  does  not 

sensibly  modify  its  conducti- 
bility. But,  if  the  circuit  is  a 
good  conductor,  all  metallic,  for 
example,  the  current  would  be 
too  much  enfeebled  by  the  ad- 
dition of  a  long  and  fine  wire, 
and  more  would  be  lost  by  this 
cause  of  weakness  than  would 
be  gained  by  the  increase  of 
sensibility  of  the  apparatus,  re- 
sulting from  a  more  consider- 
able number  of  convolutions.  It 
would  be  better  in  this  case  to 
employ  a  shorter  wire  and  one 
of  larger  diameter.  We  shall 
^^.  134.  have  occasion,  in  a  more  general 

manner,  to  treat  upon  this  question,  which  is  connected  with 
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the  propagation  of  dynamic  electricity,  in  the  Fourth  Part 
of  this  work.  For  the  present,  we  shall  coniSne  ourselves  to 
describing  Nobili's  galvanometer-multiplier  {Fig.  134.),  re- 
marking that,  according  to  the  purpose  to  which  it  is  pro- 
posed to  be  applied,  the  dimensions  and  the  number  of  the 
convolutions  of  the  wire  must  be  varied ;  and,  if  we  have  not 
beforehand  a  very  decided  object  in  view,  it  is  well  always 
to  have  two  instruments  at  command,  one  with  a  short  wire, 
the  other  with  a  long  one. 

First,  the  following  are  the  dimensions  of  the  frame : — The 
width  is  1  inch,  and  its  length  1|  in.  The  opening  in  the 
upper  part  is  ^  in.  The  external  height  between  the  two 
horizontal  cheeks  is  \  in.,  and  the  interior  length  between  the 
two  vertical  sides  is  2  in.  It  is  within  this  interior  and  vacant 
space,  2  in.  long  by  \  in.  high,  that  the  lower  needle  moves. 
The  upper  needle  is  situated  above  the  frame,  but  as  near  as 
possible  to  the  wires  that  are  coiled  around  it  The  silk- 
covered  wire  is  less  than  y  j^^  in.  in  diameter ;  and  it  makes 
800  convolutions  around  the  frame.  The  needles  are  two 
ordinary  sewing  needles  1^  in.  in  length,  and  magnetised  to 
saturation.  They  are  placed  parallel  to  each  other,  with  th^ 
reverse  poles  facing,  at  a  distance  of  f  in.,  and  are  fixed  at 
each  of  the  extremities  of  two  small  copper  wires  twisted 
upon  each  other.  The  suspension  thread  is  a  doubled  thread 
of  the  cocoon,  from  4  to  6  inches  in  length.  The  frame  is 
placed  upon  a  movable  support,  which  enables  us  to  give  it  all 
possible  positions  in  respect  to  the  needles.  With  this  view 
it  is  fixed  upon  a  pivot,  which  turns  upon  its  axis  by  means 
of  a  wheel  and  pinion,  that  is  made  to  move  at  pleasure,  in 
one  direction  or  another,  by  means  of  an  external  knob.  In 
order  that  this  movement  of  the  frame  may  be  executed,  it  is 
necessary  that  the  two  ends  of  the  silk-covered  wire  should 
have  sufficient  length  from  the  point  where  they  quit  the 
frame,  and  that  to  which  they  are  fixed  upon  the  frame  of  the 
instrument. 

The  cocoon  filament  is  suspended  to  a  bracket  stem,  and 
by  means  of  a  small  drum  moved  by  a  wheel,  the  two-needle 
system  may  be  made  to  descend  or  to  ascend  by  insensible 
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degrees,  so  as  to  be  placed  exactly  at  the  height  required. 
A  circular  division,  whose  centre  exactly  coincides  with  the 
prolongation  of  the  suspending  thread,  is  placed  above  the 
frame  and  the  wires  by  which  it  is  surrounded.  It  is  upon 
this  division  that  the  upper  needle  indicates  the  degrees  of 
deviation.  We  generally  adjust  to  one  of  the  ends  of  this 
needle  a  fragment  of  very  fine  bristle,  which  points  out  the 
degrees  of  deviation  upon  the  divided  circle,  the  dimensions 
of  which  may  thus  be  rendered  much  greater.  With  regard 
to  the  needles,  whatever  precautions  are  taken  that  the  system 
formed  by  them  shall  be  astatic,  there  nevertheless  remains  to 
this  system  an  appreciable  directive  force,  which  does  not 
prevent  the  apparatus  possessing  a  great  degree  of  sensibility. 
If  the  directive  force  is  too  great,  it  is  diminished  by  a  process 
pointed  out  by  M.  Nobili  himself.  We  discover  which  of  the 
four  poles  of  the  needle  has  the  most  magnetism ;  we  remove 
from  it  a  portion  by  touching  it  slightly  with  the  opposite 
pole  of  a  bar  feebly  magnetised,  and  we  continue  this  until 
the  system  moves  out  of  the  magnetic  meridian  in  order"  to 
approach  more  or  less  the  position  perpendicular  to  this 
meridian.  We  then  make  the  system  oscillate,  and  judge 
from  the  nimiber  of  oscillations  in  a  given  time  if  the  action 
of  the  terrestrial  magnetism  is  sufficiently  diminished.  As 
we  have  already  mentioned,  we  must  leave  to  the  system  only 
just  as  much  directive  force  as  is  necessary  to  maintain  it  in  a 
fixed  position,  in  order  that  it  may  abandon  this  position  under 
the  action  of  the  most  feeble  current.  This  is  the  principal 
cause  of  the  sensibility  of  the  apparatus  ;  we  must  therefore 
use  every  effort  to  attain  to  it. 

The  instrument  is  covered  with  a  bell-glass,  the  upper  part 
of  which  is  pierced  with  a  hole,  that  allows  a  passage  to  the 
knob  by  means  of  which  the  toothed  rod  carrying  the  cocoon 
filament  may  be  lowered  or  raised. 

The  galvanometer-multipliers  differ  from  each  other  only 
in  the  dimensions  of  the  silk-covered  copper  wire ;  there  are 
some  whose  very  fine  wire  makes  more  than  one  or  two 
thousand  convolutions,  as  also  there  are  some,  the  larger  wire 
of  which  makes  only  a  few  convolutions  :  a  wire  ^^^th  in.  in 
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diameter^  making  thirty  convolutions,  is  the  type  of  a  short 
wire  galvanometer. 

The  insulation  of  the  convolutions  is  a  condition  of  im- 
portancie  to  be  well  fulfilled;  for  if  the  electric  current, 
instead  of  traversing  all  the  convolutions  of  the  wire,  should 
pass  laterally  from  one  layer  to  the  other,  the  effect,  if  not 
totally  annulled,  would  be  at  least  singularly  weakened. 
This  insulation  is  not  always  so  easy  to  be  obtained  as  may 
be  imagined ;  it  is  necessary  that  the  silk  by  which  the  wire 
is  covered  should  be  very  closely  packed,  and  should  form  a 
tolerably  thick  envelope.  These  precautions  are  especially 
necessary  when  we  wish  to  detect,  by  means  of  a  galvanometer, 
the  electric  current  resulting  from  the  discharge  of  the  con- 
ductor of  an  electrical  machine  or  Leyden  jar.  M.  Colladon, 
who  was  the  first  to  succeed  in  making  a  magnetised  needle 
deviate  by  the  action  of  this  current,  employed  a  galvanometer 
of  at  least  500  or  1000  convolutions,  the  wire  of  which  was 
doubly  covered  with  silk,  and  each  series  of  convolutions  was 
separated  from  the  following  one  by  gummed  silk.  Without 
this  double  precaution  the  electricity  would  easily  pass  from 
one  convolution  to  another.  In  order  to  obtain  the  action  of 
the  electricity  of  a  machine  upon  the  needle  of  a  galvanometer, 
M.  Colladon,  after  having  put  one  of  the  ends  of  the  wire  in 
communication  with  the  cushions  of  the  machine,  brought  the 
other,  which  was  terminated  by  a  fixed  point  and  held  by  an 
insulating  handle,  to  different  distances  from  the  conductor, 
in  order  to  draw  off  the  positive  electricity.  At  four  inches 
distance  the  deviation  was  18^,  at  eight  inches  it  was  not  more 
than  lO**,  and  at  thirty-nine  inches  it  was  still  2**. 

It  is  easy,  as  may  be  understood,  to  determine  the  direction 
of  the  current  by  which  a  galvanometer  is  affected,  when  we 
know  the  direction  in  which  the  wire  is  wound  around  the 
frame,  and  know  the  position  of  the  poles  of  the  two  mag- 
netised needles.  In  fact,  in  like  manner  as  when  we  know 
the  direction  of  the  current,  we  are  able  beforehand  to  deter- 
mine the  direction  of  the  deviation  of  the  needle,  so  also,  when 
knowing  the  direction  of  the  deviation,  we  may  conclude  from 
it  the  direction  of  the  current.     For  this  purpose,  we  have 
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only  to  apply  the  law  that  was  discovered  and  formularised 
by  Ampere.  But  it  is  shorter  and  more  convenient  to  obtain 
this  determination  by  a  direct  experiment^  by  making  one  of 
the  ends  of  the  wire  of  the  instrument  communicate- with  a 
small  plate  of  zinc^  and  the  other  with  a  plate  of  copper  or 
platinum:  these  two  plates  are  plunged  in  water,  and  we 
then  take  notice  of  the  direction  in  which  the  upper  needle 
deviates,  recollecting  that  the  current  which  produces  this 
deviation  goes  from  the  copper  to  the  zinc  through  the  wire 
of  the  galvanometer :  this  will  in  like  manner  be  the  direction 
of  every  current  that  shall  bring  about  a  deviation  in  the 
same  direction ;  whilst  every  current  that  shall  bring  about 
a  deviation  in  the  contrary  direction  wiU  have  an  opposite 
direction.  In  order  to  avoid  the  tedium  of  frequently  re- 
peating this  testing,  we  mark  a  letter,  the  letter  a  for  example, 
on  the  foot  of  the  instrument,  at  the  place  where  one  of  the 
ends  of  the  galvanometer  wire  terminates,  and  the  letter  b  at 
the  place  where  the  other  terminates ;  then  the  letter  A  upon 
the  side  of  the  circular  division  toward  which  the  north  point 
of  the  upper  needle  turns  when  the  current  enters  by  a,  and 
the  letter  B  on  the  side  toward  which  the  same  point  turns 
when  the  current  enters  by  b  {Fig.  134.),  It  must  not  be 
forgotten  that  care  is  to  be  taken  to  turn  the  movable  frame 
of  the  instrument,  so  that  the  system  of  wires  is  perfectly 
parallel  with  the  direction  that  the  magnetised  needles  natu- 
rally assume,  and  that  the  north  pole  of  the  upper  needle  be 
situated  between  A  and  B. 

A  very  important  precaution  is  not  to  act  upon  a  gal- 
vanometer with  a  current  too  powerful  for  the  instrument ; 
for  the  action  of  such  a  current  would  risk  modifying  the 
magnetism  of  the  needles,  either  by  diminishing  the  intensity 
or  even  by  inverting  it :  the  sensibility  of  the  galvanometer 
is  thus  greatly  altered,  and  we  run  the  risk  of  afterwards 
committing  errors,  either  in  regard  to  the  force  or  to  the 
direction  of  the  currents  that  we  may  desire  to  appreciate. 

It  even  frequently  happens  that  the  needle  of  a  galva- 
nometer, by  remaining  for  a  certain  time  under  the  influence 
of  a  current  that  is  not  very  powerful,  undergoes  a  modifi- 
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cation  in  its  magnetism.  The  magnetic  axis^  as  Peltier  has 
observed,  by  obeying  the  action  of  the  current,  which  tends 
to  place  it  perpendicularly  to  its  proper  direction,  recedes 
from  the  axis  of  the  form  of  the  needle.  It  follows  that,  as 
this  axis  makes  a  greater  angle  with  the  magnetic  meridian, 
the  needle  is  solicited  with  greater  force  by  terrestrial  mag- 
netism, which  establishes  a  new  equilibrium  between  the  two 
contrary  actions, — ^the  terrestrial  magnetism,  that  tends  to  bring 
back  the  needle  to  0^,  and  the  current,  that  tends  to  drive  it 
to  90^  Some  moments  after  the  circuit  has  been  broken,  the 
magnetic  axis  of  the  needle  returns  to  its  primitive  position. 
Thus  a  constant  current  makes  the  needle  deviate  50° :  at  the 
end  of  ten  minutes,  the  needle  approaches  towards  the  0°,  and 
stops  at  49**,  or  even  at  48'' ;  the  circuit  is  broken,  and  the 
needle  is  left  free  for  a  minute  only :  it  is  subjected  anew  to 
the  action  of  the  current ;  the  primitive  50°  are  again  obtained, 
although  care  has  been  taken  during  the  repose  of  the  gal- 
vanometer jx)  keep  the  circuit  closed,  so  as  not  to  change 
anything  in  the  circumstances  of  the  experiment, — a  proof  that 
the  effect  is  entirely  due  to  a  derangement  of  the  magnetic 
axis,  and  not  to  a  weakening  of  the  current 

Differential  Galvanometer^ 

When  we  desire  to  compare  the  relative  force  of  two 
currents,  it  is  very  convenient  to  make  use  of  the  differential 
galvanometer  {Fig.  135.).  This  name  is  applied  to  a  galva- 
nometer formed  of  two  wires,  perfectly  equal  in  length  and 
in  diameter,  and  of  the  same  nature,  in  a  word,  perfectly 
similar,  which  are  wound  simultaneously  round  the  frame, 
and  which  are  similarly  situated  in  respect  to  the  needles,  so 
that  when  opposite  and  equal  currents  are  made  to  pass 
through  each  of  them,  the  needles  remain  at  zero,  that  is  to 
say,  they  experience  no  deviation  on  account  of  the  two  equal 
and  contrary  actions  to  which  they  are  exposed.  But  if  the 
system  of  needles  is  moved,  the  direction  in  which  the  de- 
viation occurs  indicates  that  one  of  the  cun*ents  is  more 
powerful  than  the  other,  and  also  indicates  which  it  is  that  is 
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the  more  powerful.  The  amplitude  of  this  deviation  enables  lis 
to  appreciate  approximately  how  much  more  powerful  it  was. 
Such  a  galvanometer  as  this  possesses  also  the  advantage 
of  being  able  to  serve  as  either  a  long  or  a  short  wire 
galvanometer.  In  fact,  as  there  are  two  wires,  there  are 
four  ends  terminating  at  the  foot  of  the  instrument  Let  a 
and  b  be  the  two  extremities  of  the  former  wire,  and  of  and  1/ 
those  of  the  latter.  When  we  desire  to  have  a  long  wire 
galvanometer,  we  connect,  by  a  small  metal  arc,  the  extremity 
b  of  the  former  wire  with  the  extremity  a'  of  the  latter,  in  such 


Fijf.  135. 


a  manner  that  the  current,  entering  for  example  by  a,  and 
coming  out  by  b\  traverses  successively  and  in  the  same 
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direction  both  the  wires  a  h  and  a'  b\  When  we  wish  to  have 
a  short  and  thick  wire  galvanometer,  we  connect  by  a  metal 
arc  a  and  a\  and  do  the  same  for  6  and  J' ;  we  make  the 
current  enter  by  the  two  united  ends  (a  and  a'),  and  come  out 
by  the  two  others  (b  and  6') ;  so  that  it  traverses  simultaneously 
the  two  wires  in  the  same  direction,  which  amoimts  to  the 
same  thing  as  if  it  traversed  only  one  of  the  same  length  as 
one  of  them,  and  of  double  the  sectional  area.  Finally,  by 
using  but  one  of  the  wires,  namely,  by  making  the  current 
enter  by  a  and  come  out  by  6,  or  else  enter  by  a'  and  come 
out  by  6',  we  have  a  galvanometer  of  short  and  fine  wire. 
The  same  instrument  may  thus  fill  the  office  of  three  gal- 
vanometers at  the  same  time  that  it  serves  the  purpose  of  a 
differential  galvanometer.  The  letters  a  and  B  marked  on 
the  fiparae,  indicate  that  the  current  enters  by  a  or  a'  if  the 
north  pole  of  the  upper  needle  deviates  towards  A,  and  by  b 
or  J'  if  it  deviates  towards  b. 

Fig,  135-  represents  a  differential  galvanometer,  constructed 
of  large  dimensions,  on  account  of  the  facility  we  have  of 
seeing  its  indications  from  a  distance.  With  this  view,  the 
upper  magnetised  needle  is  covered  with  a  long  and  very 
light  slip  of  fine  whalebone  cut  into  the  form  of  an  arrow, 
which,  by  moving  over  a  white  frame  upon  which  the 
divisions  are  traced,  is  extremely  visible.  This  instrument 
is  very  sensible;  for,  on  placing  two  very  clean  plates  of 
platinum,  copimunicating  with  the  ends  of  the  wires,  the  one 
under  the  tongue  and  the  other  over,  we  obtain  a  current 
capable  of  producing  a  deviation  of  several  degrees. 

Comparable  Galvanometers, 

We  have  hitherto  regarded  the  galvanometer  as  an  instru- 
ment fitted  for  detecting  the  presence  of  even  the  most  feeble 
current,  and  of  indicating  its  direction ;  it  now  remains  to  us 
to  examine  how  it  may  determine  its  intensity. 

This  intensity  may  be  appreciated  approximately  by  means 
of  the  amplitude  of  the  deviation ;  but  it  is  far  from  being 
proportional  to  it,  at  least  on  as  far  as  90** ;  although  from  0**  to 
20**  we  may,  without  sensible  error,  as  experiment  has  proved. 
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admit  this  proportionately ;  so  that  a  current  that  produces  a 
deviation  of  12^  has  a  double  intensity  to  that  which  pro- 
duces a  deviation  of  only  6%  and  triple  of  that  which  produces 
one  of  only  4**,  and  so  on. 

The  most  simple  means  for  determining  in  a  galvanometer 
the  relation  existing  between  the  forces  and  the  angle  of 
deviation^  is  to  roll  around  the  frame  several  wires  inde- 
pendently of  each  other,  placed  similarly  in  respect  of  the 
needles,  and  to  pass  the  current  first  through  one,  then 
through  two,  then  through  three,  and  so  on ;  so  that  we  thus 
act  upon  the  needle  wi^  forces  as  1,  as  2,  as  3,  &c  It  is 
merely  necessary  that  the  wires  be  sufiSciently  large  and  not 
too  numerous,  so  that  the  current,  in  traversing  them  all 
successively,  does  not  experience  any  sensible  diminution  in 
intensity  by  the  effect  of  their  resistance  of  conductibility. 
By  operating  in  this  way,  we  may  satisfy  ourselves  that  just 
below  20**,  and  for  stronger  reasons  beyond  it,  the  deviations 
are  no  longer  proportional  to  the  force  of  the  current,  but 
proportionately  less  considerable. 

Beyond  a  limit  which  cannot  surpass  20°,  and  which  fre- 
quently does  not  attain  to  that,  there  are  two  circumstances 
which  prevent  the  intensities  of  the  currents  being  proportional 
to  the  angle  of  the  deviations.  One  is,  that  the  directive  force 
of  the  globe,  which,  by  tending  to  bring  back  the  system  of 
needles  into  the  magnetic  meridian,  produces  equilibrium  with 
the  force  of  the  current  that  moves  it  from  it,  is  proportional 
not  to  the  angles,  but  to  the  sines  of  the  angles  of  deviation ; 
and  that  from  about  20°  the  difference  between  the  arc  and 
its  sine,  which  was  but  little  sensible  until  then,  becomes  too 
considerable  to  permit  of  their  being  taken  indifferently  for 
each  other.  The  second  circumstance  is,  that  as  soon  as  tlie 
needle  or  the  two  needles  recede  from  the  magnetic  meridian 
in  which  they  are  naturally  retained,  and  in  which  the 
movable  frame  is  to  be  placed,  so  that  they  may  be  parallel 
to  the  wires,  their  position  in  respect  to  these  wires  is  no 
longer  the  same;  and,  consequently,  the  currents  can  no 
longer  act  upon  them  in  the  same  manner.  It  is  easy  to  see 
that  if,  in  the  normal  position,  that  in  which  the  wires  are 
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parallel  to  the  needles^  the  force  possesses  its  whole  intensity, 
as  soon  as  there  is  a  deviation  from  the  meridian  it  acts  onlj 
by  a  component  less  in  proportion  as  the  angle  of  deviaticm  is 
greater.  This  circumstance,  the  influence  of  which  is  bat 
little  sensible  for  the  first  degrees  of  deviation,  becomes  ex- 
cessively so  as  soon  as  this  deviation  increases.  In  order  to 
remedy  this,  M.  Peltier  had  proposed  to  substitute  for  each 
of  the  two  needles  of  the  astatic  system  two  needles  crossed 
at  a  right  angle  in  the  same  plane.  It  follows,  from  this  ar- 
rangement, that,  when  the  needles  that  are  parallel  to  the 
frame  are  driven  from  it,  the  others  tend  to  enter  into  it,  and 
that  one  of  the  effects  almost  compensates  for  the  other. 
M.  Peltier  foimd  that  the  indications  of  this  instrument  up  to 
45**  are  exactly  proportional  to  the  intensities  of  the  current. 

But  if  we  desire,  for  measuring  currents,  to  have  galvano- 
meters in  which  this  proportionality  is  perfectly  exact,  we 
must  employ  the  sine  galvanometer  or  the  tangent  galvano- 
meter. It  is  true  that  as  these  two  instruments  contain  but  a 
single  magnetised  needle,  they  lose  in  sensibility  what  they 
gain  in  accuracy.  They  are  therefore  essentially  applicable 
to  the  determination  of  certain  laws  in  which  we  act  upon 
currents  that  may  be  procured  as  intense  as  is  necessary. 

The  sine  galvanometer  (Fig,  136.),  the  principle  of  which  I 


Fig.  136. 

had  described  as  far  back  as  1824*,  and  which  M.  Pouillet 
♦  Mem.  de  la  Soc  de  Phys.  et  d'Hist  Nat  de  Gendvc,  torn.  iii.  part  I.  p.  117. 
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has  constructed  more  recently  under  a  slightly  different 
form,  consists  of.  a  compass  needle  from  4|  in.  to  6  in.  in 
length,  furnished  with  an  agate  cap,  by  which  it  rests  upon  a 
Bted  point  placed  exactly  in  the  middle  of  a  low  and  narrow 
metal  frame,  around  which  is  carefully  wound  a  wire  or  a 
ribbon  covered  with  silk,  which  makes  a  greater  or  less 
number  of  convolutions,  according  to  the  degree  of  sensibility 
that  we  desire  to  impart  to  the  apparatus.  The  multiplier 
and  its  needle  are  fixed  upon  the  movable  transom  of  a 
divided  circle ;  and  when  they  are  both  in  the  plane  of  the 
magnetic  meridian,  the  apparatus  is  at  the  zero  of  the  division. 
The  needle,  by  its  position  in  the  interior  of  the  frame  of  the 
multiplier,  to  which  its  axis  must  remain  parallel,  accom- 
modates itself  with  difficulty  to  the  exact  determination  of  its 
real  direction.  In  order  to  obtain  the  direction  with  pre- 
cision, and  in  a  convenient  manner,  we  add  to  the  needle, 
perpendicularly  to  its  length,  a  thin  and  light  slip  of  wood, 
upon  which  we  have  traced  an  index-line,  that  enables  us  to 
judge  of  the  true  position  of  the  needle  itself.  We  are  sure 
that  it  is  exactly  parallel  to  the  mean  plane  of  the  multiplier, 
when  the  index-line,  of  which  we  have  just  spoken,  falls 
beneath  the  wire  of  a  lens  that  is  fixed  to  the  movable  piece 
upon  which  the  galvanometer  is  adjusted.  In  order  to 
operate  with  this  instrument,  we  begin  by  placing  it  at  the 
zero  of  the  division,  the  needle  being  quite  parallel  with  the 
wires,  and,  at  the  same  time,  in  the  magnetic  meridian. 
We  then  pass  the  current  through  the  wire  of  the  multiplier. 
The  needle  is  deviated ;  and  we  turn  the  transom  that  carries 
the  multiplier  until  the  wire  of  the  lens  coincides  with  the 
index-line :  the  division  traced  upon  the  fixed  circle  indicates 
the  number  of  degrees  it  was  necessary  to  turn  it  from  the 
0^,  in  order  to  obtain  this  coincidence.  This  is  the  exact 
measure  of  the  deviation  of  the  needle,  namely,  the  angle 
that  it  forms  with  the  magnetic  meridian.  But,  in. this  new 
direction,  the  needle  has  preserved  the  same  position  in 
respect  to  the  wires  of  the  multiplier;  that  is  to  say,  in 
respect  to  the  current,  which  consequently  acts  upon  it  in  the 
same  manner.     The  amplitude,  therefore,  of  the  deviation  of 
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the  needle  can  depend  only  upon  the  intensity  of  the  current. 
The  forces  between  which  equilibrium  is  established,  and 
which  consequently  are  equals  are  thus,  on  the  one  hand, 
that  of  the  current,  on  the  other  hand,  the  directive  force  of 
the  earth,  which  tends  to  bring  the  needle  back  to  the 
meridian  from  which  the  former  had  removed  it  Now  the 
latter  being  proportional,  as  we  have  seen,  to  the  sine  of  the 
angle  of  deviation,  the  former,  that  is  to  say,  the  intensity  of 
the  current,  is  the  same  also.  By  means  of  this  instrument, 
therefore,  taking  care  to  operate  with  precision  in  each  case, 
we  may  determine  with  accuracy  the  relations  of  intensity 
existing  between  the  different  currents  that  are  transmitted 
through  the  wire  of  the  multiplier. 

We  may,  as  may  be  imagined,  give  the  sine  galvanometer 
various  degrees  of  sensibility,  either  by  bringing  the  wire 
nearer  to  or  farther  from  the  needle,  or  by  increasing  or 
diminishing  the  nimiber  of  convolutions ;  we  may  even  cause 
the  wire  to  make  but  a  single  turn.  It  is  convenient  to 
have  multipliers  fulfilling  these  divers  conditions,  which  may 
all  be  fixed  in  the  same  manner  upon  the  movable  transom, 
and  in  the  interior  of  which  the  same  needle  may  be  placed. 
It  is  necessary  to  take  every  precaution  in  the  fabrication 
and  the  magnetisation  of  this  needle,  which  should  be  a  good 
compass-needle  without  consecutive  poles. 

The  tangent  galvanometer  {Fig.  137.)  consists  of  a  large 
circle,  open  within,  of  from  fifteen  to  twenty  inches  in  diar 
meter,  provided  with  an  exterior  groove  not  more  than  |  in. 
wide,  wherein  a  wire  is  placed,  or,  which  is  better  still,  a 
copper  ribbon  covered  with  silk,  and  which  is  made  to  have 
one  or  several  convolutions  aroimd  the  circle.  The  two  ex- 
tremities of  the  wire  or  the  ribbon,  being  bent  back  very 
near  to  each  other,  are  prolonged  below  in  the  direction  of 
the  vertical  diameter,  so  as  each  to  plunge  into  a  cup  filled 
with  mercury,  in  order  that  the  transmission  of  the  current 
may  so  be  brought  about.  The  circle,  whose  circumference 
is  traversed  by  the  current,  is  fixed  vertically  upon  a  divided 
and  horizontal  circle^  the  centre  of  which  coincides  with  its 
own ;  this  circle  is  intended  for  measuring  the  deviations  of  a 
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magnetised  needle^  moving  aroimd  the  same  centre^  and  sus- 
pended either  by  means  of  a  silk 
thread  without  torsion^  or  hj  means 
of  a  cap  resting  upon  a  point.  Great 
care  must  be  taken  that  the  centre 
of  the  needle  is  exactly  in  the  centre 
of  the  vertical  circle,  so  that  the  de- 
viation of  the  needle  coincides  with 
the  plane  of  the  current  when  the 
latter  is  exactly  in  the  magnetic  me- 
ridian; a  position  which  we  com- 
mence by  giving  it  when  we  desire 
to  make  use  of  the  instrument  We 
should  add  that  it  is  necessary  for 
the  length  of  the  magnetised  needle 
'^'  to  be  as  short  as  possible,  in  relation 

to  the  radius  of  the  circle,  which  does  not  prevent  its  being 
powerfully  magnetised ;  but,  as  it  is  important  to  be  able  to 
estimate  very  small  fractions  of  degrees,  we  fix  transversely 
to  the  magnetised  needle  a  long  and  very  light  copper  needle, 
the  extremities  of  which  traverse  the  divisions  of  the  azi- 
muthal  circle.  It  is  important  that  the  apparatus  be  con- 
structed with  great  precision ;  for  an  error  of  a  few  fractions 
of  degrees,  especially  when  the  deviation  is  considerable,  would 
introduce  a  very  great  one  into  the  appreciation  of  the  in- 
tensity. In  order  to  be  sure  that  this  condition  is  well 
fulfilled,  it  is  necessary  to  prove  that  the  deviations  indicated 
by  the  two  extremities  of  the  copper  needle  are  always  and 
every  where  equal  to  each  other,  and  that,  when  passing  the 
same  current,  sometimes  in  one  direction,  sometimes  in  the 
other,  the  deviations  that  are  obtained,  one  in  one  direction, 
the  other  in  the  other,  are  also  quite  equal. 

When  different  currents  are  transmitted  through  the  ribbon 
or  the  wire  that  is  wound  around  a  circle,  they  produce  a 
deviation  of  the  magnetised  needle,  the  character  of  which 
indicates  their  direction,  at  the  same  time  that  their  relative 
intensities  are  proportional  to  the  tangents  of  the  angles  of 
deviation.  In  fact,  for  each  deviation,  when  it  is  constant, 
VOL.  L  z 
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there  is  an  equilibrium  or  an  equality  between  two  forces, 
one  of  which  is  the  directive  force  of  terrestrial  magnetism, 
which  is  proportional  to  the  sine  of  the  angles  of  deviation, 
and  the  other  the  force  of  the  circular  current,  which  is  pro- 
portional to  the  co-sine  of  this  same  angle.  This,  in  fact,  is 
very  easy  of  proof,  by  remarking  that  the  needle,  being  very 
small  iQ  respect  to  the  circular  current,  we  may  consider  the 
latter  as  exercising  its  action  only  upon  the  centre  of  the 
needle,  that  is  to  say,  in  Amp^e's  theory,  upon  a  current 
that  is  the  resultant  of  all  those  whose  assemblage  constitutes 
the  needle.  Now  by  supposing  that  the  angle  of  deviation 
described  by  the  needle  under  the  action  of  a  current  is  t,  the 
force  which  tends  to  bring  it  back  into  the  magnetic  meridian, 
and  which  produces  equilibrium  to  the  deviating  action  of  the 
current,  would  be  /sine  t,  /  being  the  force  of  terrestrial 
magnetism  for  the  angle  whose  sine  is  1,  namely,  for  the 
angle  of  90**,  On  the  other  hand,  if  f  represents  the  action  of 
the  current  upon  the  needle  when  the  latter  is  placed  parallel 
to  the  current,  this  force  will  become  F  co^ne  i,  when  the 
needle  makes  an  angle  i  with  the  direction  of  the  current ; 
for  F  co^ne  i  is  the  component  of  F  acting  under  the  angle  t. 
F  co^ne  i  therefore  is  the  expression  of  the  component  of  the 
deviating  force  of  the  current  upon  the  needle,  when  the  angle 
of  deviation  is  t;  it  is  consequently  equal  to  f  sine  i,  since  it 
makes  equilibrium  with  it.  From  F  co-sine  iz=fsine  i,  we  deduce 

Sine  % 
T  =/ : — ,^tang.  i.     But /is  a  constant  quantity,  at  least 

in  the  place  where  the  observation  was  made,  because  it  is 
the  directive  force  of  the  earth ;  therefore  F,  or  the  force  of 
the  current,  is  proportional  to  the  tangent  of  t,  or  of  the 
angle  of  deviation. 

A  galvanometer  that  also  gives  very  well  the  relations 
between  the  intensities  of  different  currents  that  it  transmits, 
is  Ritchie's  torsion  galvanometer  {Fig.  138.).  It  is  a  true 
torsion  balance,  in  which  the  magnetised  needle,  when  it  is 
at  0**  of  torsion,  is  situated  at  once  in  the  magnetic  meridian, 
and  in  the  mean  plane  of  the  frame,  around  which  a  silk- 
covered  wire  is  wound,  so  as  to  make  one  or  several  turns. 
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The  magnetised  needle  is   brought  back  by  torsion  to  its 

normal  position^  when  the  cur- 
rent that  traverses  the  wire 
draws  it  &om  this  position ;  so 
that  it  is  still  situated^  both 
in  the  magnetic  meridian,  and 
in  the  same  position  with  re- 
spect to  the  currents.  It  ne- 
cessarily follows  that  the  in- 
tensities of  the  currents  are 
proportional  to  the  angles  of 
torsion,  which  are  requisite  in 
each  case  to  bring  back  the 
needle  to  its  starting-point 
Mr.  Ritchie  found  that  the  ap- 
paratus was  more  sensible  if 
Fig>  138.  a  thread  of  glass  was  substi- 

tuted for  the  torsion  wire. 

Finally,  M.  Becquerel,  in  order  to  obtain  an  exact  measure 
of  electric  currents,  suggested  the  use  of  an  apparatus  which 
he  termed  the  electro^ynamic  balance  {Fig.  139.).  It  consists 
of  a  sensitive  steel  balance,  which  can  turn  at  about  a 
hundredth  of  a  grain.  Below  each  of  the  pans  is  suspended  a 
xnagnietised  steel  bar,  by  means  of  a  silk  thread ;  these  two 
bars  must  be  about  y^jth  in.  in  diameter,  and  3  inches  long. 
They  are  magnetised  to  saturation,  and  their  south  pole  is 
turned  below,  so  that  they  may  lose  their  magnetism  less 
readily.  Once  in  equilibrium,  the  two  beams  of  the  balance 
ought  to  turn  at  least  by  j^^th  grain.  We  take  two  glass 
tubes  or  bobbins;  we  wind  around  the  tubes  or  bobbins  a 
wire  covered  with  silk,  so  as  to  make  a  greater  or  a  lesB 
niunber  of  convolutions,  as  with  galvanometers,  according  to 
the  object  in  view.  The  two  bobbins  are  fixed  vertically 
upon  small  horizontal  platforms,  movable  in  two  directions 
perpendicular  to  each  other,  by  means  of  a  thumb-screw,  so 
that  we  are  able  to  centre  them  in  respect  to  the  bars  beneath 
which  they  are  placed.  If  the  current  traverses  only  one  of 
the  helices,  the  bar,  and  the  side  of  the  beam  of  the  balance 

Z    2 


Digitized  by 


Google 


340 


MAGNETISM  AND  ELECTRO-DYNAMICS.         part  m. 


with  which  it  is  connected,  rises  or  falls  according  to  the  di- 
rection of  this  current   In  order  to  increase  the  effect,  we  may 


Fig.  139. 

pass  the  same  current  through  the  wire  of  the  second  helix, 
in  such  a  direction  that  the  second  branch  of  the  beam  falls  if 
the  first  rises,  and  reciprocallj ;  in  other  words,  so  that  the 
movement  of  the  beam  is  executed  in  the  same  direction :  the 
actions  that  the  two  helices  thus  exercise  upon  the  two  bars,  are 
necessarily  added  together.  By  means  of  weights  placed  in 
the  raised  scale,  equilibrium  is  established,  which  brings  back 
the  currents  and  the  magnets  to  the  same  respectire  position : 
we  have  therefore,  in  the  quantity  of  weight  requisite  for 
establishing  equilibrium,  the  exact  expression  of  the  intensity 
of  each  current;  or,  rather,  we  deduce  firom  the  relations 
existing  between  these  weights  the  relations  that  exist  between 
the  intensities  of  the  currents.  Thus,  to  give  an  example,  we 
passed  into  the  two  helices  the  current  produced  by  two  plates, 
the  one  zinc,  the  other  copper,  each  having  f  sq.  in.  of  surface. 
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and  immersed  in  about  154  grains  of  distilled  water.  The 
balance  turned,  and  it  required  a  weight  of  -^j  grain  to 
establish  equilibrium:  without  making  any  change  in  the 
apparatus,  we  plunged  into  the  water  the  end  of  a  tube 
moistened  with  sulphuric  acid ;  and  it  then  required  a  weight 
of  ^  grain  to  establish  equilibrium,  which,  on  taking  the 
relation  between  the  two  weights,  indicates  that  the  second 
current  was  about  fourteen  times  stronger  than  the  first  We 
shall  have  occasion  hereafter  to  return  to  several  interesting 
experiments  made  by  M.  Becquerel  with  his  electro-magnetic 
balance.  We  may  add  that  this  instrument  can  also  be  used 
as  a  differential  galvanometer,  providing  that  the  two  bobbins 
and  the  two  magnets  axe  perfectly  similar  to  each  other.  It 
rests,  as  may  be  seen,  upon  a  simple  and  rigorous  principle ; 
but  it  caxmot  be  employed  for  the  study  of  currents  of  feeble 
intensity,  not  being  sufficiently  sensible. 

To  sum  up :  of  the  four  instmments  that  may  be  employed 
for  the  measure  of  electric  currents,  the  most  convenient  is 
the  tangent  galvanometer,  because  it  gives  its  indication  im- 
mediately ;  for  this  we  have  merely  to  measure  the  angle  of 
deviation.  The  sine  galvanometer,  the  torsion  galvanometer, 
and  the  electro-dynamic  balance,  all  require  that  we  should 
go  through  an  operation  of  a  certain  length,  in  order  to  de- 
termine the  quantity  that  is  to  give  the  measure  of  the  current 
This  is  a  great  inconvenience,  especially  when  currents  of 
variable  intensity  are  in  question,  the  force  of  which  it  is  of 
importance  to  be  able  to  determine  in  a  given  instant,  and 
which  is  usually  very  short  But  there  are  other  cases  in 
which  this  inconvenience  does  not  exist,  and,  as  they  are  nu- 
merous, it  follows  that  the  three  other  apparatus,  especially 
the  sine  galvanometer,  are,  as  we  shall  see,  frequently  used. 

Different  Galvanametric  JProcesses. 

When  the  cturents  are  very  powerful,  we  may,  in  order  to 
measure  them,  content  ourselves  with  passing  them  suc- 
cessively through  a  long  vertical  conductor,  and  making  a 
proof  needle  always  oscillate  at  the  same  distance.     In  the 
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number  of  oscillations  executed  in  a  given  time^  we  have  an 
exact  measure  of  the  force  of  the  current  according  to  the 
formula  of  the  pendulum.  We  may  also,  especially  when  we 
are  engaged  in  appreciating  the  relative  intensities  of  electric 
discharges  or  instantaneous  currents,  make  use  of  the  mag- 
netisation of  small  needles  produced  by  these  discharges, 
taking  care  to  make  the  needles  as  similar  as  possible.  We 
then  determine  the  degrees  of  magnetisation  that  the  needles 
have  acquired,  by  counting  the  number  of  oscillations  made 
by  each  of  them  under  the  influence  of  terrestrial  magnetism. 
We  shall  not  dilate  further  on  these  means  of  measuring,  which 
are  processes  and  not  instruments,  and  the  description  of 
which  besides  is  naturally  found  most  in  place  when  we  are 
called  to  make  use  of  them. 

This  last  process,  however,  presents  an  advantage  over  those 
which  serve  as  the  basis  of  the  construction  of  galvanometers, 
in  that  they  are  independent  of  the  magnetic  force  of  the 
needles  or  bars.  This  force  may  undoubtedly  vary,  and  yet 
we  regard  it  as  constant.  The  best  apparatus  would  there^ 
fore  be  that  in  which  there  was  no  other  force  called  into 
play  than  that  of  the  current  itself  which  we  desire  to 
measure,  and  perhaps  also  the  magnetic  force  of  the  ter- 
restrial globe,  which  may,  without  sensible  error,  be  regarded 
as  constant  in  the  same  place.  Thus,  a  galvanometer-multi- 
plier in  which,  instead  of  a  magnetised  needle,  there  should  be 
a  small  bar  of  soft  iron  which  the  current  itself  that  causes  it 
to  deviate  would  magnetise,  might  be  usefully  employed :  it 
is  true  it  would  not  be  so  sensible  as  the  ordmary  galva- 
nometer. We  might  also,  in  M.  Becquerel's  electro-mag- 
netic balance,  make  use  of  bars  of  soft  iron  instead  of 
magnetised  bars.  In  this  case,  we  need  employ  only  one 
scale-pan,  and  by  the  weights  necessary  to  produce  equili- 
brium, we  should  measure  the  force  wherewith  the  scale-pan 
beneath  which  the  soft  iron  rod  is  fixed,  would  tend  to  de- 
scend, by  virtue  of  the  attraction  exercised  upon  the  soft  iron 
by  the  current  transmitted  throughout  the  helix.  Finally,  we 
have  already  pointed  out,  in  the  Chapter  devoted  to  magnetis- 
ation, the  possibility  of  measuring  the  intensity  of  the  current 
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by  means  of  the  greater  or  less  flexion  exercised  upon  a  plate 
of  soft  iron  hy  the  current  that  is  made  to  pass  through  the 
wire  of  a  prismatic  bobbin  in  the  interior  of  which  the  plate 
is  placed.  We  have  also  already  described  two  pieces  of  ap- 
paratus^ founded  upon  the  attraction  exercised  upon  soft  iron 
by  an  electro-magnet,  magnetised  by  the  current  that  we  are 
desirous  of  measuring.  In  one  {Fig.  127.),  it  is  by  the  number 
of  the  oscillations  of  a  balance-wheel ;  in  the  other  {Fig.  126.), 
by  the  note  given  out  by  a  little  spring,  from  which  we  esti- 
mate the  number  of  times  that  the  piece  of  soft  iron  has  been 
attracted  by  the  electro-magnet,  and  consequently  the  force 
of  the  current,  which  is  approximately  proportional  to  this 
number.  The  greatest  obstacle  presented  by  the  practical 
application  of  these  different  processes  consists  in  the  diffi- 
culty that  we  experience  of  finding  iron  sufficiently  soft  to 
lose  the  whole  of  the  magnetism  that  has  been  developed  in  it 
by  the  electric  current,  when  this  current  ceases.  The  pre- 
paration of  such  a  soft  iron  as  this  is  not  impossible,  although 
it  is  very  difficult  We  ought  not,  therefore,  to  despair  of 
one  day  seeing  this  principle  serve  as  the  basis  of  a  more 
perfect  instrument  than  those  we  at  present  possess. 

Graduation  of  Galvanometer-multipliers. 

Up  to  this  point,  we  have  succeeded  in  finding  in  the  gal- 
vanometer an  instrument  calculated  to  detect  for  us  the 
presence  of  an  electric  current,  to  indicate  to  us  its  direction, 
and  to  frimish  us  with  comparable  results  as  to  its  intensity. 
But,  in  order  that  the  indications  of  the  instrument  may  have 
a  signification,  it  is  always  necessary  to  have  in  view  at  least 
two  currents,  and  to  propose  seeking  their  relation  of  intensity. 
In  other  words,  the  instrument  is  not  graduated  in  this  sense, 
in  that  it  does  not  give  immediately  the  relation  existing  be- 
tween any  current  with  which  we  act  upon  it,  and  a  current 
always  the  same,  and  of  a  determinate  intensity,  which  serves 
as  the  point  of  comparison.  We  have  used  great  endeavoiu-s 
thus  to  graduate  galvanometers ;  and,  by  turning  our  attention 
to  the  different  sources  of  electricity,  we  shall  have  occasion  to 

z  4 


Digitized  by 


Google 


344  MAGNETISM  AND   ELECTBO-DTNAMIC8.  PART  Ui. 

say  a  few  words  upon  these  experiments.  But,  independently 
of  the  diflScnlty  of  finding  this  perfectly  constant  current,  we 
have  been  arrested  by  obstacles  inherent  in  the  very  nature 
of  the  question  itself.  In  fact,  a  galvanometer  graduated  in 
this  manner,  may  be  employed  with  sufficient  accuracy  to  the 
appreciation  of  the  relative  intensity  of  currents,  arising  from 
a  source  similar  to,  but  merely  more  or  less  energetic  than  the 
current  which  had  been  employed  in  graduating  it.  But  as  soon 
as  we  are  concerned  in  currents  arising  from  another  source, 
or  even  simply  engendered  under  other  circumstaces,  the  in- 
strument will  no  longer  give  comparable  results,  and  will 
even  risk  the  giving  erroneous  ones.  Thus,  if  we  have  gra- 
duated in  the  same  manner,  and  taking  as  the  term  of  com- 
parison the  same  constant  current,  two  galvanometers,  the 
one  with  a  short  and  thick  wire,  the  other  with  a  long  and 
fine  wire,  it  may  thus  very  well  happen  that  any  current 
transmitted  successively  through  each  of  these  two  galva- 
nometers may  not  only  appear  more  feeble  with  one  than 
with  the  other,  but  even,  when  judged  of  by  one,  may  seem 
of  a  less  intensity,  and  by  the  other,  of  a  greater  intensity 
than  that  of  the  current  that  has  been  employed  for  the  gra- 
duation. 

Thus  the  galvanometer-multiplier,  even  of  the  most  per- 
fect kind,  must  be  considered  only  as  an  instrument  fitted 
for  giving  the  relations  of  intensities  between  currents  of  a 
similar  origin,  or  which,  when  arising  from  the  same  origin, 
are  subjected  to  modifications  whose  influence  upon  their 
energy  we  desire  to  appreciate.  Therefore  is  it  indispensable 
to  have  several  galvanometers  with  wires  of  di£Ferent  lengths, 
so  as  in  each  case  to  be  able  to  apply  that  which  is  best 
suited  to  the  species  of  current  that  we  are  studying,  at  least 
so  far  as  we  are  able  to  determine  h  priori,  which  is  not 
always  equally  easy.  We  shall  study  further  on  the  means 
by  which  they  may  be  compared  together  in  reducing  them 
to  conditions  as  similar  as  possible,  means  altogether  inde- 
pendent of  the  galvanometer  itself,  that  is  employed  for  this 
comparison. 
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Very  Sengitive  Galvanometers. 

In  a  recent  work  on  Electro-Physiology,  M.  Dubois  Rey- 
mond,  of  Berlin,  has  very  closely  studied  the  astatic  needle 
galvanometer,  and  the  means  of  augmenting  the  sensibility 
of  this  instrument  to  the  highest  degree,  for  the  detection  and 
the  study  of  very  feeble  currents.  He  analysed  with  great 
care  the  causes  of  the  irregularities  that  are  presented  by  very 
delicate  galvanometers,  and  which  frequently  rendered  the 
employment  of  them  both  difficult  and  uncertain ;  and  he  has 
then  described  the  means  of  reconciling  the  fidelity  of  the  in- 
dications with  the  sensibility  of  the  apparatus. 

M.  Dubois  Reymond  remarks,  first,  that  the  axes  of  the 
needles  never  being  rigorously  parallel,  either  on  account  of 
an  irregularity  in  the  magnetisation,  or  in  consequence  of  a 
defect  in  the  suspension,  it  follows  that  the  system  is  never  in 
the  meridian,  and  that  it  deviates  from  it  the  more  as  it  is 
more  completely  astatic.  He  was  abo  led  to  perceive,  that, 
if  the  magnetism  of  the  stronger  needle  is  diminished,  so  as 
to  render  the  system  of  the  two  needles  more  and  more 
astatic,  the  result  is,  that  it  at  last  places  itself  perpendicularly 
to  the  magnetic  meridian,  being  the  case  in  which  the  instru- 
ment attains  its  maximum  of  sensibility. 

A  second  cause  of  irregularity  is  the  magnetism  of  the 
galvanometer  wire,  probably  due  to  the  presence  of  a  small 
quantity  of  iron  in  this  wire.  It  follows  from  this,  that  the 
position  of  the  needle,  in  respect  to  the  spirals  of  the  wire, 
exercises  an  influence  over  the  direction  in  which  it  places 
itself.  Thus,  the  needle  being  fixed  in  equilibrium,  at  a  certain 
distance  from  the  zero  of  graduation,  if  the  frame  is  made  to 
turn,  so  that  the  zero  travels  towards  the  side  of  the  needle, 
the  latter  seems  at  first  to  recede ;  but,  in  fact,  it  becomes  less 
displaced  than  the  frame  has  been,  and,  consequently,  its 
distance  from  the  zero  diminishes.  However,  it  is  not  possible 
to  bring  it  back  exactly  to  zero ;  but  this  distance  may  be 
reduced  to  a  minimum.  If  this  nunimum  is  exceeded,  the 
needle  goes  rapidly  towards  zero,  passes  beyond  it,  and  places 
itself  in  equilibrium,  at  a  certain  distance  from  the  other  side. 
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In  some  rare  cases,  the  needle  has  a  position  of  stable  equili- 
brium at  zero  itself;  but  the  position  of  equilibrium  is  gene- 
rally unstable  between  the  two  positions  of  stable  equili- 
brium that  are  on  the  two  sides  of  zero,  M.  Nobili,  who 
had  already  observed  these  effects,  showed  that  they  were  a 
consequence  of  the  attractive  actions  of  the  two  parcels  of  the 
galvanometer  wire  upon  the  system  of  the  two  needles; 
actions  which  are  concordant,  notwithstanding  the  inverse 
position  of  the  poles,  because  the  wires  act  like  a  magnetic 
body,  such  as  soft  iron,  and  not  like  a  magnetised  body. 

The  combination  of  these  two  causes  of  irregularity  gives 
rise  to  various  results,  which  may  be  determined  by  calcu- 
lation, and  which  vary  according  as  the  system  of  the  two 
needles  is  less  or  more  astatic ;  because  the  part  played  by 
terrestrial  magnetism  becomes  thus  more  or  less  important. 

Different  processes  of  correction  had  been  devised  for 
banishing,  or  at  least  diminishing,  these  causes  of  perturba- 
tions. Kleiner  proposed  the  employment  of  small  masses  of 
copper,  placed  in  the  interval,  by  which  the  two  parcels  of 
the  galvanometer  wire  are  separated,  so  as  to  neutralise  the 
disturbing  attraction  of  the  latter.  Nobili  compensated  the 
attraction  of  the  galvanometer  wire  by  that  of  a  magnetised 
bar  placed  at  a  distance.  M.  Dubois  Reymond  has  perfected 
this  latter  process,  the  inconvenience  of  which  was,  that  the 
magnet  exercised  its  action  almost  with  the  same  energy  in  all 
positions  of  the  needle.  In  the  place  of  this  magnet,  he  sub- 
stituted a  small  magnetised  fragment  only  ^j  in.  in  length, 
placed  in  the  interior  of  the  galvanometer  facing  the  zero. 
The  action  of  this  small  magnet  is  only  sensible  so  long  as  the 
needle  is  near  zero ;  and  it  then  compensates  the  disturbing 
actions.  But  as  soon  as  the  distance  is  a  few  degrees,  when 
the  compensation  ceases  to  be  necessary,  its  action  becomes 
almost  entirely  nulL 

Upon  this  principle,  and  by  taking  many  precautions,  he 
constructed  a  galvanometer  of  27,000  turns,  as  remarkable 
for  its  accuracy  as  for  its  sensibility.  We  shall  see  further 
on  how,  with  this  instrument,  he  detected  the  existence  of 
electric  currents  in  nerves  and  in  muscles. 
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CHAP.   V. 

ELECTRO-DYNAMIO   INDUCTION. 

Magnetism  by  Rotation. 

We  owe  to  M.  Arago  the  first  experiment^  which  showed  that 
motion  is  a  means  of  developing  magnetism  or  electric  cur- 
rents in  all  bodies.  We  must  not  confound  this  action  with 
what  had  been  discovered  by  Coulomb^  namely,  that  magnets 
are  capable  of  acting  upon  all  bodies  generally  in  the  same 
manner^  except  in  regard  to  intensity,  as  they  act  upon  iron. 
This  species  of  action  will  be  the  subject  of  the  following 
Chapter.  The  phenomena,  with  which  we  are  engaged  in  the 
present,  are  those  to  which  motion  gives  rise,  that  is  to  say, 
the  change  of  place  of  the  cause  that  acts,  in  relation  to  the 
body,  upon  which  it  acts.  The  term  magnetism  by  rotation  is 
applied  to  the  form  under  which  M.  Arago  first  made  manifest 
this  class  of  phenomena. 

Having  oscillated  a  magnetised  needle,  fireely  suspended  in 
a  circular  copper  cage,  the  bottom  and  sides  of  which  were 
very  near  the  needle,  M.  Arago  remarked  that  the  oscillations 
of  the  needle  rapidly  diminished  in  extent,  and  very  quickly 
ceased,  as  if  the  medium  in  which  they  were  being  produced 
had  become  more  resistant.  Furthermore,  the  neighbourhood 
of  the  copper  exercised  no  other  influence  than  upon  the  am- 
plitude, and  not  upon  the  duration  of  the  oscillations,  which 
are  accomplished  in  exactly  the  same  time  as  in  the  free  air. 
By  making  the  needle  oscillate  above  planes  of  different 
natures,  and  at  variable  distances  from  the  same  plane,  M. 
Arago  became  satisfied  that  distance  considerably  diminished 
the  intensity  of  the  effect,  and  that  metals  acted  with  more 
energy  than  wood,  glass,  &c.  Mr.  Seebeck,  who  repeated 
M.  Arago's  experiment  immediately  after  its  discovery,  ob- 
tained analogous  results.     Thus  he  fotmd  that  if  the  needle 
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oscillated  above  a  plane  of  marble^  it  was  necessary  that 
it  should  accomplish  112  oscillations,  in  order  that  the  am- 
plitude should  be  reduced  from  45**  to  10**;  whilst  it  only- 
required  71  oscillations  above  a  plate  of  zinc,  and  62  above 
one  of  copper.  Unfortunately,  M.  Seebeck's  experiments,  not 
having  been  made  with  plates  of  the  same  dimensions,  and  in 
particular  of  the  same  thickness,  the  results  are  not  comparable. 

After  the  first  experiment  that  we  have  been  relating, 
M.  Arago  conceived  the  idea  of  trying  whether  the  plate,  which 
possessed  the  property  of  diminishing  the  amplitude  of  the 
oscillations  of  a  magnetised  needle  without  altering  their 
duration,  would  not  draw  the  needle  with  it,  when  itself  put 
in  motion.     This  in  fact  is  verified. 

We  fix  to  a  rotation  apparatus,  such  as  a  table  made  for 
experiments  on  the  centrifugal  force,  a  copper  disc  about  12 
inches  in  diameter,  and  about  j\^  in.  thick  (Fig.  140.) ;  above  it. 


A 


Fig.  140. 

and  very  near,  we  suspend,  by  a  silk  thread,  without  torsion, 
a  magnetised  needle,  in  such  a  manner  that  its  point  of  susr 
pension  is  exactly  above  the  centre  of  the  disc ;  care  is  taken 
to  interpose  between  the  disc  and  the  needle  a  screen  of  glass 
or  pasteboard,  so  that  the  agitation  of  the  air  resulting  from 
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the  motion  impressed  upon  the  disc  may  be  without  in- 
fluence upon  the  needle.  The  disc  is  put  in  rotation^  ^nd  the 
needle  is  seen  to  deviate  from  its  normal  direction,  in  the 
direction  of  the  movement  impressed,  and  to  make  with  the 
magnetic  meridian  a  greater  or  less  angle  of  deviation,  ac- 
cording to  the  velocity  of  the  rotation.  If  the  movement 
becomes  very  rapid,  the  needle  is  finally  drawn  with  it,  and 
rotates  with  the  disc  itself. 

The  force  diminishes  very  rapidly  with  the  distance  of  the 
needle  from  the  disc,  in  a  relation,  as  it  appears,  greater  than 
the  square;  the  angles  of  deviation  within  certain  limits  are 
proportional  to  the  velocity.  The  power  of  the  copper  disc 
is  considerably  diminished  by  cutting  slits  in  it  in  the  di- 
rection of  rays :  these  solutions  of  continuity,  which  in  no 
degree  alter  the  mass,  exercise  a  great  influence  upon  the 
intensity  of  the  action. 

Independently  of  the  preceding  observations,  M.  Arago,  by 
analysing  the  force  called  into  play  in  these  experiments,  dis- 
covered that,  from  drawing  or  tangential  to  the  disc  which  it  is, 
it  may  become  perpendicular  to  its  plane,  and  even  act  in  the 
same  direction  as  its  radii ;  which  proves  that  the  total  force 
may  be  regarded  as  a  resultant  of  three  components,  one  per- 
pendicular to  the  radius  of  the  disc,  the  second  perpendicular 
to  the  plane  of  the  disc,  and  the  third  parallel  to  its  radii. 
We  have  already  proved  the  existence  of  the  first  in  the  frm- 
damental  experiment.  In  order  to  prove  the  existence  of  the 
second,  we  have  merely  to  place  a  mtagnet  vertically  above, 
and  very  near  to  the  disc,  which  is  easily  accomplished  by 
suspending  it  to  the  scale-pan  of  the  balance.  Immediately 
that  the  disc  is  in  motion,  the  scale-pan  rises,  which  proves 
that  the  vertical  magnet  is  repelled  by  the  disc,  and  the 
weight  necessary  to  be  placed  in  the  scale-pan,  in  order  to 
re-establish  equilibrium,  indicates  the  energy  of  this  repulsion. 
With  r^ard  to  the  third  component,  its  existence  is  demon- 
strated by  placing  vertically  over  the  disc  a  needle,  movable, 
like  the  dipping  needle,  around  a  horizontal  axis,  and  in  such 
a  manner  that  this  axis  is  perpendicular  to  the  radius  of  the 
disc.     If  the  needle  is  over  the  centre,  it  experiences  no 
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action^  neither  does  it  experience  any  if  it  is  sitaated  over  a 
point  nearer  to  the  edge  than  to  the  centre  of  the  disc,  namely, 
at  a  distance  from  the  centre  equal  to  about  two-thirds  of  the 
radius.  But  between  this  point  and  the  centre,  the  lower 
pole  of  the  needle  is  constantly  attracted  towards  the  centre ; 
beyond  this  point,  namely,  between  this  point  and  the  edge, 
the  pole  is  attracted  towards  the  edge. 

Whilst  M.  Arago  was  analysing,  as  we  have  just  seen,  the 
force  that  he  had  discovered,  MM.  Babbage  and  Herschel, 
Harris,  Barlow,  and  others,  endeavoured  to  study  the  causes 
which  may  make  the  intensity  vary  and  may  modify  it. 
MM.  Babbage  and  Herschel  had  repeated  M.  Arago's  ex- 
periment by  inverting  it.  They  had  found  that  discs  of 
copper  or  other  substances,  when  freely  suspended  over  a 
horse-shoe  magnet  put  into  rotation,  turned  in  the  same 
direction  as  the  magnet,  with  a  movement  at  first  slow,  but 
whose  rapidity  gradually  increased.  The  magnet  was  so 
arranged  as  to  be  able  to  receive  a  rapid  movement  around  its 
symmetrical  axis,  placed  vertically  with  the  poles  upward. 
The  movement  of  the  disc  changed  in  direction  with  that  of 
the  magnet.  The  interposition  of  plates  of  glass  and  of  non- 
magnetic metallic  plates  in  no  degree  modified  the  effects: 
it  was  not  the  same  when  the  interposed  plates  were  of  iron ; 
the  action  was  then  extremely  reduced,  or  even  entirely  an- 
nihilated, when  there  were  two  plates  one  above  the  other. 

By  subjecting  to  experiment  discs  of  the  same  diameter 
but  of  various  natures,  the  two  philosophers  found  great 
differences  between  these  discs  with  regard  to  their  faculty  of 
being  drawn  onward  by  the  magnet  in  rotation,  although  the 
velocity  of  the  movement  impressed  and  their  distance  fi^m 
the  magnet  were  the  same.  Thus,  zinc  and  copper  appear  in 
this  respect  to  possess  an  energy  four  times  more  powerful 
than  lead,  and  a  hundred  times  more  powerfrd  than  antimony. 
But  the  discs  unfortimately  were  not  all  of  the  same  thick- 
ness, whicA  renders  tlie  results  of  the  experiments  but  little 
comparable  as,  within  certain  limits,  thickness  exercises  a 
marked  influence  over  the  intensity  of  the  phenomena.  It  is 
probably  to  this  cause  that  we  must  attribute  the  little  power 
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that  MM.  Babbage  and  Herschel  bad  found  in  gold.  On 
the  other  hand^  they  did  not  obtain  any  effect  with  wood, 
glass,  resin,  sulphur,  and  sulphuric  acid. 

These  two  philosophers  verified  the  accuracy  of  M.  Arago's 
observations  on  the  influence  of  solutions  of  continuity,  either 
parallel  or  total,  in  the  masses  subjected  to  experiment. 
Thus,  a  light  disc  of  copper,  suspended  at  a  given  distance 
above  a  magnet,  executed  its  revolutions  in  65".  When  cut 
in  eight  places,  in  the  direction  of  a  radius  near  the  centre, 
it  required,  under  these  circumstances,  121''  to  execute  the 
same  number  of  revolutions.  But  the  cut  parts  having  been 
soldered  in  again  with  tin,  the  primitive  effect  was  almost 
entirely  re-established ;  in  such  sort,  that  the  disc  was  able  to 
make  its  six  revolutions  in  57'' ;  that  is,  almost  in  the  same 
time  as  when  it  had  not  been  cut.  The  same  effects  were  in 
a  similar  manner  obtained  with  the  other  metals,  employed 
either  as  discs  or  solderings.  We  shall  soon  see  that  all 
these  results,  as  well  as  the  effects  themselves,  of  magnetism 
by  rotation,  are  very  readily  explained  by  the  presence  of 
electric  currents,  that  are  determined  in  the  disc  by  its 
vicinity  to  a  magnet,  and  the  circulation  of  which  is  pre- 
vented when  there  are  solutions  of  continuity  in  the  con-*- 
ducting  body.  Thus  no  action  is  obtained  when  we  rotate  in 
relation  to  each  other  two  discs  of  any  kind,  or  a  piece  of 
soft  iron  or  non-magnetised  steel,  and  a  disc  of  metal.  It 
is  absolutely  necessary  that  one  of  the  bodies  in  motion  shall 
be  a  magnet. 

Sir  W.  Harris,  who  made  a  great  number  of  experiments 
on  the  same  subject,  not  only  found  great  differences  between 
bodies  with  regard  to  the  faculty  they  possess  of  drawing 
onward  the  needle,  but  also  with  regard  to  the  property  they 
possess  of  intercepting  this  action.  He  recognised  that  iron, 
and  magnetic  substances  generally  are  not  the  only  ones  that 
are  thus  able  to  arrest  the  effect  of  magnetism  by  rotation. 
Only  it  is  necessary  to  give  a  very  great  thickness  (from 
3  to  5  in.)  to  the  plates  of  non-magnetic  substances,  such  as 
copper,  silver,  and  zinc,  in  order  tliat,  when  interposed,  they 
may  arrest  the  action  of  a  magnet  in  motion  upon  a  movable 
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disc^  and  reciprocaUy.  FinaUj,  as  it  results  from  numerous 
experiments,  Mr.  Christie  succeeded,  as  we  shall  see,  in  de- 
ducing from  the  force  with  which  different  substances  draw 
along  the  magnetised  needle  in  their  rotatorj  movement,  the 
conducting  power  of  these  substances  for  electricity. 

But  one  of  the  most  important  facts  is  due  to  MM.  Amp^e 
and  CoUadon,  who  found  that,  in  aU  the  experiments  on 
magnetism  by  rotation,  the  place  of  the  magnet  might  be 
supplied  by  a  helix,  l^ough  which  was  transmitted  an 
electric  current ;  thus  establishing  a  new  analogy  between  a 
magnet  and  an  assemblage  of  electric  currents,  circulating  all 
in  the  same  direction,  in  closed  circuits  parallel  to  each  other, 
transversely  to  an  axis.  The  helix  traversed  by  a  powerful 
electric  current  was  movable,  and  a  copper  disc,  in  rotation 
beneath  it,  drew  it  along  with  it  as  it  would  have  drawn 
along  a  magnetised  needle. 

Very  numerous  experiments  have  been  also  made  with 
discs  of  iron  and  steel,  and  with  solid  and  hollow  iron  spheres. 
When  the  iron  is  very  soft,  the  results  are  greatly  similar  to 
those  that  are  obtained  with  other  metals,  only  they  are  more 
energetic ;  but  a  steel  disc  does  not  produce  any  appreciable 
effect  upon  the  magnetised  needle,  which,  after  a  few  irregular 
oscillations,  remains  in  its  position  of  equilibrium.  M.  de 
Haldat,  to  whom  we  owe  these  observations,  concludes  from 
them,  that  the  drawing  force  is  for  magnetic  bodies  in  inverse 
ratio  to  the  coercitiv«  force.  We  shall  see  further  on  that 
this  conclusion  cannot  be  admitted,  the  phenomenon  not  being 
a  magnetic  phenomenon,  properly  so  called,  but  an  electric 
phenomenon. 

Mr.  Barlow  studied  in  detail  the  influence  that  is  exercised 
by  an  iron  sphere  in  motion  upon  a  magnetised  needle.  He 
took  the  precaution  to  neutralise,  by  the  neighbourhood  of  a 
fixed  magnet  suitably  placed,  the  influence  of  terrestrial  mag* 
netism  upon  this  needle.  The  latter  was  placed  sometimes 
tangentially  to  the  iron  sphere,  sometimes  parallel  to  its 
axis  of  rotation,  which  axis  itself,  from  the  construction  of 
the  apparatus,  might  have  different  directions.  According  to 
the  direction  in  which  the  sphere  rotated,  either  the  north  or 
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the  south  pole  of  the  needle  was  seen  to  recede  from  it ;  the 
repulsion  exercised  upon  either  of  the  poles  depended  also 
upon  the  part  of  the  iron  sphere  towards  which  the  needle  was 
placed ;  in  other  words,  the  direction  of  the  deviation  of  the 
needle  changed  according  as  it  was  placed  on  the  south  or  on 
the  north  of  the  moving  sphere.  All  these  effects  are  evi- 
dently due  to  the  combined  influence  exercised  upon  the  iron 
globe,  both  of  terrestrial  magnetism,  and  of  the  magnetised 
needle  placed  in  its  neighbourhood.  It  would  have  been 
curious  to  have  proved  the  influence  of  the  first  cause  alone 
by  putting  a  needle  of  soft  iron  in  place  of  the  magnetised 
needle. 

A  very  important  point,  that  was  established  by  Mr.  Bar- 
low, is  the  great  difference  in  the  action  exercised  by  an  iron 
sphere  according  as  it  is  solid  or  hollow.  This  difference  is 
completely  null  when  the  globe  and  the  magnetised  needle  are 
at  rest,  which  arises,  as  we  have  said,  from  the  ordinary 
magnetic  force  being  entirely  concentrated  upon  the  surface ; 
but  as  soon  as  there  is  motion  this  ceases  to  be  the  case. 
Thus,  under  the  same  circumstances,  and  by  employing  the 
same  needle,  a  solid  iron  cannon-ball,  making  640  turns  pei- 
minute,  and  weighing  68  pounds,  and  being  7*87  in.  in 
diameter,  determined  a  constant  deviation  of  28^  24^ ;  whilst 
a  hollow  ball  of  the  same  diameter,  but  weighing  one-half 
less,  determined  a  deviation  of  only  15®  5'.  These  two 
numbers  are  the  mean  of  many  experiments  made  with  great 
care. 

M.  Poisson,  who  had  already  submitted  to  mathematical 
analysis  the  labours  of  Coulomb  upon  magnetism,  endeavoured 
to  explain  by  the  same  theory  the  phenomena  of  magnetism 
by  rotation.  Attributing  all  magnetic  phenomena  to  two 
imponderable  fluids  subjected  to  the  general  laws  of  equili- 
brium and  of  motion,  which  attract  and  repel  each  other  in 
the  inverse  ratio  of  the  square  of  the  distance,  he  established 
that  the  great  difference  existing  between  these  fluids  and 
those  to  which  electric  actions  are  due,  is,  that  the  latter  are 
able  to  pass  from  one  molecule  to  another ;  whilst  the  mag- 
netic fluids,  during  magnetisation,  undergo  only  feeble  dis- 
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placements,  which  are  not  directly  appreciable.  M.  Poisson 
gave  the  name  of  "  magnetic  elements  "  to  these  small  portions 
of  bodies,  in  which  the  south  and  north  magnetic  fluids  are 
able  to  move,  and  which  are  separated  from  each  other  by 
intervals  impermeable  to  the  magnetism.  All  bodies  are 
susceptible  of  haying  their  natural  magnetism  decomposed ; 
but  more  or  less  easily  according  to  their  coercitive  force. 
It  is  to  this  force,  which  is  insensible  in  some  bodies,  that 
M.  Poisson  attributes  the  difference  existing  between  them 
with  regard  to  the  actions  they  exercise  according  as  they  are 
in  rest  or  in  motion.  In  the  state  of  rest,  bodies  whose  coer- 
citive force  is  null  should  not  exercise  any  sensible  action 
upon  the  magnetised  needle,  or,  at  least,  should  exercise  only 
a  very  feeble  action ;  but,  in  the  state  of  motion,  calculation 
demonstrates  that  things  are  not  the  same.  M.  Poisson  also 
succeeded  in  determining  in  this  case  h  priori  the  existence 
of  the  three  components  that  M.  Arago  had  discovered  by 
experiment. 

However,  the  theory  that  serves  as  the  basis  to  M.  Poisson's 
calculations  was  overthrown  by  the  subsequent  discoveries  of 
Mr.  Faraday,  which  give  an  entirely  different  explanation  to 
the  phenomena  of  magnetism  by  rotation.  So  that  we  will 
not  detain  ourselves  with  them  longer,  merely  remarking  that 
mathematical  analysis  may  be  further  consulted  usefully  by 
those  who,  by  resting  on  hypotheses  different  from  those 
which  serve  for  M.  Poisson's  starting-point,  would  submit 
them  to  the  proof  of  calculation.  We  shall  therefore  now 
pass  on  to  the  phenomena  of  induction,  with  which  Faraday 
enriched  the  science  in  1832 ;  and  in  which,  as  we  shall  see, 
are  naturally  included  those  of  magnetism  by  rotation. 


Production  of  Induced  Currents  and  Explanation  of  Magnetism 
by  Rotation, 

In  1832,  Faraday  discovered  that  an  electric  current  or  a 
magnet  is  able  by  induction  to  develope  at  a  distance  elec- 
tric currents  in  a  conducting  wire ;  just  as  a  body,  charged 
with  static  electricity,  electrises  an  insulated  conductor  by 
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induction.     The  following  is  the  mode  by  which  this  re- 
markable result  is  obtained. 

We  wind  round  a  wooden  cylinder  two  silk-covered  wires, 
so  as  to  make  two  perfectly  similar  helices,  and  the  spirals  of 
which  are  parallel,  and  as  near  to  each  other  as  possible 
{Fig.  141.).     The  two  ends  of  one  of  the  wires  are  made  to 


Fig.  141. 

communicate  with  a  galvanometer,  and  the  two  ends  of  the 
other  with  the  two  poles  of  a  pile.  At  the  moment  when  this 
latter  communication  is  established,  the  first  having  been 
established  previously,  the  needle  of  the  galvanometer  is  seen 
to  deviate ;  but  this  deviation  immediately  ceases,  even  though 
the  current  of  the  pile  continues  to  circulate.  As  soon  as  this 
current  is  interrupted,  the  needle  of  the  galvanometer  a  second 
time  experiences  a  sudden  and  non-permanent  deviation ;  but 
this  deviation  occurs  in  a  contrary  direction  to  that  in  which 
the  former  had  occurred.  Thus  the  voltaic  current  that  tra- 
verses one  of  the  wires  determines  in  the  other  an  instan- 
taneous current,  at  the  moment  when  it  commences  to  pass, 
and  determines  in  it  a  second,  at  the  moment  when  it  ceases 
to  pass.  These  two  currents  are  called  induced  airrentSy  and 
the  current  of  tBe  pile  the  inducing  current;  the  induced 
currents,  as  we  see,  are  instantaneous :  let  us  iurther  add 
that  the  former  has  a  contrary  direction  to  that  of  the  inducing 
current,  and  the  latter  a  similar  direction. 

The  experiment  may  be  made  under  another  form.     We 
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wind  round  a  wooden  or  glass  tube  a  single  silk-covered 
wire,  the  two  ends  of  which  are  in  communication  with  the 
wire  of  a  galvanometer ;  we  then  suddenly  introduce  into  the 
tube  an  electro-dynamic  cylinder,  namely,  a  helix  traversed 
by  an  electric  current,  and  we  then  draw  it  out  in  the  same 
manner.  At  the  moment  of  the  introduction,  we  obtain  in 
the  outer  helix  a  current  of  induction,  the  movement  of  which 
is  in  a  direction  contrary  to  that  of  the  current  of  the  electro- 
dynamio  cylinder;  at  the  moment  when  we  withdraw  the 
cylinder  we  obtain  a  second  induced  current,  the  movement 
of  which  is  in  a  direction  the  same  as  its  own.  In  order 
that  these  two  currents  may  be  sensible,  the  electro-dynamic 
cylinder  must  be  introduced  and  withdrawn  very  suddenly. 
This  experiment,  as  may  be  readily  seen,  comes  to  the  same 
thing  as  the  preceding  one:  in  the  latter,  we  possess  the 
advantage  of  creating  and  destroying  the  electro-dynamic 
cylinder  instantaneously  by  closing  and  opening  the  circuit ; 
whilst  in  the  other  we  introduce  it  and  withdraw  it, — an 
operation  which  cannot  be  executed  with  so  much  rapidity. 
We  shall  see  further  on,  that  there  results  an  essential  dif-* 
ference  between  the  induced  currents ;  those  which  are  pro- 
duced according  to  the  latter  mode  having  a  duration  in 
a  slight  degree  sensible,  whilst  those  that  are  produced 
according  to  the  former  mode  are  altogether  instantaneous. 

Whatever  may  be  the  case,  the  two  experiments  equally 
prove  that,  when  we  suddenly  bring  near  to  a  part  of  a 
conductor,  forming  a  closed  circuit,  a  conductor  traversed 
by  a  current,  we  determine  in  the  former  an  instantaneous 
current,  moving  in  a  direction  contrary  to  that  of  the  current 
brought  near  to  it;  and  that,  when  we  remove  it,  we  de- 
termine a  second  instantaneous  current,  moving  in  the  same 
direction  as  the  current  that  is  removed. 

The  analogy  existing  between  the  properties  of  magnets 
and  those  of  electro-dynamic  cylinders,  led  Faraday  to  suppose 
that  the  same  results  would  be  obtained  by  introducing  into 
the  interior  of  the  hollow  helix  of  the  second  experiment  a 
magnet  instead  of  an  elcctro-djuamic  cylinder.  This  is  what 
in  fact  happened.     For  this  experiment  we  may  employ  the 
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double  helix  {Fig,  141,),  by  uniting  the  two  wires  by  their 
corresponding  ends ;  or,  if  we  prefer  it,  by  using  either  one 
or  the  other  of  them.  By  introducing  a  magnet  within  the 
helix,  we  determine  in  its  wire  an  instantaneous  current, 
moving  in  a  contrary  direction  to  those  which  constitute  the 
magnet  in  Amp^'s  theory ;  we  determine  another,  in  like 
manner  instantaneous,  but  moving  in  the  same  direction  as 
those  of  the  magnet,  at  the  moment  when  we  withdraw  it 
These  two  induced  currents,  when  the  magnetised  bar  is 
tolerably  energetic,  are  much  more  intense  than  are  those 
produced  by  inducing  currents.  In  order  to  increase  their 
force,  the  magnet  must  be  introduced  and  withdrawn  as 
suddenly  as  possible.  We  may  in  like  manner  employ  another 
process,  which  is  more  convenient  and  more  certain.  It 
consists  in  introducing  a  bar  of  very  soft  iron  into  the  in- 
terior of  a  helix,  whose  two  ends  are  in  communication  with 
the  galvanometer.  By  means  of  a  horse-shoe  magnet,  or  the 
opposite  poles  of  two  magnetised  bars,  we  suddenly  magnetise 
the  soft  iron ;  we  immediately  obtain  the  first  induced  current ; 
it  is,  in  fact,  as  if  we  had  introduced  a  magnetised  bar  into 
the  interior  of  the  helix.  We  remove  this  horse-shoe  magnet, 
or  the  magnetised  bars ;  the  soft  iron  cylinder  is  immediately 
demagnetised,  and  the  second  current  of  induction  appears ; 
it  is  the  same  as  if  we  had  removed  the  magnetised  bar  from 
the  interior  of  the  helix. 

Finally,  by  making  the  experiment  with  the  double  helix, 
according  to  the  mode  first  pointed  out,  but  by  introducing 
into  the  interior  a  soft  iron  cylinder,  we  may  obtain  a  still 
more  considerable  effect.  In  fact,  the  current  that  traverses 
one  of  the  helices,  at  the  moment  when  it  is  established,  not 
only  determines  a  current  of  induction  in  the  other,  but  at 
the  same  time  magnetises  the  soft  iron,  which  for  this  same 
reason  also  determines  in  it  a  current  in  the  same  direction, 
and  much  more  powerftd.  In  like  manner,  when  the  current 
ceases  to  pass,  ^e  soft  iron  being  demagnetised,  there  is  a 
development  of  a  second  induced  current,  which  is  also  added 
to  that  resulting  from  the  direct  effect  of  the  inducing  current. 

A  very  difficult  question  for  solution  here  presents  itself ; 
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namely,  to  know  what  is  the  state  of  the  induced  conductmg 
wire  whilst  it  is  under  the  influence  of  the  inducing  current 
or  of  the  magnet  It  would  seem  that  this  is  not  a  natural 
state,  since  at  the  moment  when  the  influence  ceases  the  wire 
gives  rise  to  a  current  while  passing  back  to  its  natural  state ; 
on  the  other  hand,  the  wire,  whilst  this  influence  lasts,  does 
not  manifest  any  current  or  any  particular  property,  either 
electric,  magnetic,  or  of  any  other  character.  Faraday 
termed  this  particular  condition  electrcHtonic,  We  shall  see 
further  on  that  Faraday  was  led,  by  fresh  researches,  to 
renounce  this  supposition  of  the  electro-tonic  state  in  the 
wire ;  and  to  admit  that  the  second  induced  current  is  due, 
like  the  former,  to  a  particular  and  immediate  action,  and  is 
not  simply  the  effect  of  the  return  of  the  wire  to  its  natural 
state, — a  state  which  has  not  ceased  to  exist 

The  intensity  of  the  induced  current  depends  on  many 
circumstances :  first,  on  the  length  and  diameter  of  the  wires 
of  the  helices,  then  on  the  energy  of  the  inducing  current  or 
the  strength  of  the  magnet  We  can  give  no  precise  rule  on 
either  of  these  points.  In  general,  it  is  advantageous  to  take 
very  long  wires,  and  even  to  add  several  helices  end  to  end 
one  after  the  other ;  but  then,  if  we  are  not  producing  the  in- 
duction with  a  magnet,  it  is  necessary  to  employ  an  inducing 
current,  arising  from  a  pile  of  a  great  many  pairs.  More- 
over, these  data  vary  with  the  nature  of  the  effects,  and 
consequently  with  that  of  the  conductors,  that  the  induced 
currents  are  called  upon  to  traverse ;  and  also  with  the  length 
and  the  diameter  of  the  wire  of  the  galvanometer,  that  is  em« 
ployed  for  detecting  these  currents. 

Hitherto,  in  order  to  produce  the  phenomena  of  induction 
by  electric  currents,  we  have  made  use  of  two  conductors, 
the  one  intended  for  conducting  the  inducing  current,  and  the 
other  in  which  the  induced  current  is  developed,  under  the 
influence  of  the  former.  Experiment  has  shown  that  the 
phenomenon  of  induction  may  be  manifested  with  a  single 
conductor,  in  which  the  inducing  current  is  transmitted  and 
at  the  same  time  the  induced  current  is  perceived ;  it  is  this 
particular  form  of  induction  that  is  termed  induction  of  a 
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current  upon  itself.  As  early  as  1832,  Mr.  Henry,  of  Prince- 
town  in  America,  had  observed  that,  when  the  poles  of  a 
small  battery  are  united  by  a  copper  wire  by  means  of  two 
capsules  filled  with  mercury,  a  brilliant  spark  is  obtained  at 
the  moment  when  the  circuit  is  broken,  by  raising  one  of  the 
ends  of  the  copper  wire  out  of  the  mercury,  but  only  if  this 
wire  has  a  length  of  from  twelve  to  fourteen  yards ;  if  the 
length  is  only  twelve  or  fourteen  inches  there  is  no  sparks 
The  effect  is  greatly  increased  by  coiling  the  copper  wire  into 
the  form  of  a  helix.  Mr.  Jenkins  also,  on  his  part,  remarked 
that,  when  the  two  plates  of  a  simple  electro-motor,  that  is  to 
say,  of  a  simple  pair,  are  connected  by  means  of  a  wire  wound 
as  a  helix  around  a  soft  iron  cylinder,  a  shock  is  experienced 
every  time  the  circuit  is  interrupted,  when  the  two  ex- 
tremities of  the  wire  are  held  one  in  each  hand ;  at  the  same 
time,  a  brilliant  spark  is  observed  at  the  point  where  the 
circuit  is  broken.  No  effect  is  obtained  under  the  same 
circumstances,  if  we  use  merely  a  copper  wire  to  complete 
the  communication  between  the  two  plates  of  the  pair. 

Faraday,  as  it  results  from  a  long  experimental  study  of 
this  particular  point,  succeeded  in  showing  that,  at  the  moment 
when  we  interrupt  the  circuit  of  a  single  pair  formed  by  a 
long  copper  wire,  an  extra-current  is  produced  in  this  wire, 
which  may  be  directly  perceived  by  soldering  to  each  end  of  the 
wire  an  appendix  or  plate  of  copper,  and  connecting  these  two 
plates  by  various  conductors.  A  fine  platinum  wire  is  made 
red-hot  and  melted ;  water  is  decomposed ;  the  magnetised 
needle  is  deviated  by  means  of  the  current  transmitted  be- 
tween the  two  appendices.  If  the  conductor  by  which  they 
are  connected  is  imperfect,  the  spark  is  then  very  brilliant  at 
the  point  where  the  circuit  i&  interrupted ;  it  is,  on  the  con- 
trary, nuU  if  it  is  perfect :  this  is  because,  in  the  former  case, 
the  extra-current,  developed  in  the  long  wire  that  unites  the 
poles  of  the  pile,  accompUshes  its  circuit  through  the  pile 
itself,  since  it  cannot  pass  elsewhere ;  whilst  in  the  latter  it 
accomplishes  it  through  the  body  by  which  the  two  appendices 
are  connected,  provided  this  body  is  found  to  be  a  good 
conductor.     This  extra  current  may  give  rise  to  a  spark 
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between  the  two  appendices,  when  they  are  brought  ahndst 
in  contact,  one  near  the  other:  when  they  are  held  in  the 
hands,  a  shock  is  produced. 

The  energy  of  the  extra-cnrrent  is  much  more  decided 
when  the  wire,  by  which  the  two  poles  of  the  pile  are  nnited, 
is  coiled  into  the  form  of  a  helix,  and  especially  when  this 
helix  contains  in  its  interior  a  cylinder  of  soft  iron*  This 
circumstance,  joined  to  others  besides,  is  a  proof  that  this 
extra-current  is  truly  a  current  of  induction,  with  only  this 
difference,  that  it  is  developed  in  the  same  conductor  by  which 
the  inducing  current  is  transmitted.  The  mutual  action  of  the 
spirals  upon  each  other,  each  of  which  serves  at  the  same  time 
as  inducing  body  and  induced  body, — the  influence  of  the  soft 
iron,  which,  when  magnetised  by  the  inducing  current,  increases 
also  the  intensity  of  the  induced  current, — are  altogether  in 
accordance  with  all  the  conditions  essential  to  induction,  as 
well  as  is  the  direction  itself  of  the  extra-current,  which  may 
be  appreciated  either  by  chemical  decomposition  or  by  the  gal- 
vanometric  effect  This  direction  in  fact  is  such,  that  in  the 
circuit  formed  by  the  long  wire  that  connects  the  plates  of  the 
pair,  and  by  the  conductor  that  connects  the  two  appendices, 
the  current  moves  in  the  long  wire  in  the  same  direction  ac- 
cording to  which  the  current  of  the  pair  itself  travelled.  We 
must  not  forget  that  the  induced  current  here  in  question  is 
that  which  is  produced  at  the  moment  when  the  circuit  is 
interrupted,  and  not  at  the  moment  when  it  is  established ; 
now  this  current  is  always  moving  in  the  same  direction  as 
the  inducing  current.  With  regard  to  the  first  induced 
current,  it  cannot  be  perceived,  since  it  circulates  in  the  same 
circuit  that  transmits  the  current  itself  of  the  pair,  and  cannot 
be  developed  until  this  current  is  established,  and^consequently 
not  until  the  circuit  is  closed.  But,  as  it  moves  in  a  contrary 
direction,  it  diminishes  for  an  instant  the  intensity  of  this  pri- 
mitive current :  we  shall  see,  farther  on,  that  this  diminution 
may  become  sensible,  and  we  may  thus  detect,  in  a  decided 
manner,  the  existence  itself  of  the  first  induced  current. 

A  method  of  producing  induction  that  we  have  not  yet 
mentioned,  is  to  employ  terrestrial  magnetism.     Faraday,  in 
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his  beautiful  researches  on  induction^  was  the  first  to  demon- 
strate that  induced  currents,  as  we  might  have  expected,  may- 
be developed  by  the  magnetic  force  of , the  globe,  even  as 
they  are  developed  by  means  of  a  magnet  or  by  the  influence 
of  ^osed  currents. 

The  following  is  his  fundamental  experiment.  We  take  a 
copper  wire  about  8  fb.  long,  and  ■g\^  in.  in  diameter ;  we  attach 
it  by  one  of  its  ends  to  one  of  the  extremities  of  the  wire  of  a 
galvanometer-multiplier,  and  by  the  other  end  to  the  other 
extremity ;  we  then  give  it  the  form  of  a  rectangle,  and  place 
it  perpendicular  to  the  magnetic  meridian,  the  lower  side 
of  it  being  interrupted  by  the  wire  of  the  galvanometer.  The 
wire  itself  is  so  arranged  that  we  can  give  the  rectangle  a 
movement  of  rotation  around  its  lower  side,  or,  which  comes 
to  the  same  thing,  can  describe  around  this  side  a  surface 
cylindrical  on  the  upper  side.  If  it  is  made  to  traverse  from 
the  side  of  the  west  to  that  of  the  east,  the  needle  of  the 
galvanometer  indicates  the  presence  of  an  induced  current 
directed  from  the  south  to  the  north ;  if  it  is  made  to  traverse 
from  the  east  to  the  west,  the  induced  current  travels  in  the 
movable  wire  from  north  to  south.  The  phenomenon  is  the 
same  in  all  azimuths.  There  is  only  one  case  in  which  no 
efiPect  is  obtained ;  it  is  when  the  movable  part  of  the  wire 
moves  parallel  to  the  direction  of  the  dipping-needle;  but 
provided  it  be  inclined  in  relation  to  this  direction,  there  is  a 
development  of  an  induced  current,  and  when  it  is  perpen-^ 
dicular  to  it,  this  current  is  at  its  maximum  of  intensity.  It 
is  not  essential  to  give  the  wire  the  form  of  a  rectangle ;  the 
same  phenomena  are  observed  by  giving  it  the  form  of  any 
closed  curve,  the  plane  of  which  is  arranged  in  a  similar 
manner  to  that  of  the  rectangle.  The  longer  the  portion  of 
the  wire  is,  to  which  a  movement  is  impressed,  and  the 
greater  the  space  is  that  it  is  made  to  traverse,  the  more  con- 
siderable is  the  eifect  experienced  by  the  galvanometer. 

It  evidently  follows  from  the  phenomena  we  have  been  de- 
scribing, that  the  terrestrial  globe  acts  for  the  production  of 
induction  as  a  powerfril  magnet  would  act,  if  placed  in  the 
interior  of  the  globe  in  the  direction  of  the  dipping-needle,  or 
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as  a  girdle  of  electric  currents  moying  in  a  direction  from  east 
to  west  around  the  magnetic  equator. 

The  first  currents  of  induction  that  Faraday  had  obtained 
b  J  the  influence  of  terrestrial  magnetism  were  manifested  in  a 
helix^  the  wire  of  which  communicated  by  its  two  extremities 
with  those  of  the  galvanometer,  and  which  was  turned  a  greater 
or  less  number  of  times  in  the  plane  of  the  magnetic  meridian. 
An  iron  bar  introduced  into  the  helix  greatly  augments  the 
intensity  of  the  efiFect ;  but,  in  this  case,  the  induced  current 
is  not  due  to  the  direct  action  of  terrestrial  magnetism,  but 
to  that  of  the  bar,  which  is  itself  magnetised  by  this  mag- 
netism. 

The  facility  with  which  terrestrial  magnetism  is  able  to 
develope  electric  currents  in  bodies  in  movement,  leads  to  a 
consequence  which  may  appear  extraordinary  at  the  first 
moment;  it  is,  that  there  is  not  a  piece  of  metal  which,  being 
put  in  motion  and  remaining  at  the  same  time  in  contact  with 
other  conducting  bodies  in  rest,  or  animated  with  different 
velocities,  is  not  for  this  very  reason  traversed  by  electric 
currents.  This  must  especially  happen  with  the  different 
pieces  of  a  steam-engine  in  motion.  Faraday  succeeded  by 
simply  impressing  a  rotatory  motion  upon  a  horizontal  disc  of 
copper,  and  consequently  inclined  it  nearly  70**  to  the  dipping- 
needle  in  obtaining  currents  of  induction  which  were  always 
directed  from  the  centre  to  the  circumference,  or  from  the 
circumference  to  the  centre,  according  to  the  direction  of  the 
rotation.  In  order  to  perceive  this  current,  care  was  taken 
to  place  one  of  the  extremities  of  the  galvanometer  in  com- 
munication with  the  axis,  and  the  other  with  the  circumference 
of  the  disc  No  effect  occurred  when  the  disc  rotated  in  the 
plane  of  the  magnetic  meridian,  or  in  any  other  plane  passing 
through  the  line  of  the  dip ;  but  as  soon  as  the  plane  in  which 
it  was  situated  was  inclined  only  a  very  small  angle  to  this 
direction,  the  rotation  immediately  gave  rise  to  a  current 
which,  for  a  constant  velocity  of  rotation,  had  its  maximum  of 
intensity  when  this  angle  was  90®.  With  a  copper  globe 
arranged  so  that  its  axis  of  rotation  is  inclined  to  the  direction 
of  the  dipping-needle,  but  remains  in  the  plane  of  the  magnetic 
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meridian,  by  giving  it  a  rotatory  movement  abont  its  axis,  we 
obtain  currents  of  induction  which  are  sufficiently  energetic 
to  exercise  immediately  a  deviation  upon  a  magnetised  needle 
brought  near  to  it,  without  the  intervention  of  a  galvanometer 
being  necessary.  We  take  care  to  make  use  of  an  astatic 
needle,  suspended  to  a  very  fine  silk  thread,  and  to  place  it  in 
a  bell  glass,  so  as  to  protect  it  from  the  agitation  of  the  air. 
We  bring  the  astatic  system  near  to  the  globe  while  in  motion, 
so  that  the  upper  needle  is  in  the  horizontal  plane  that  passes 
through  the  centre  of  the  globe ;  if  it  is  on  the  east,  and  the 
globe  moves  from  east  to  west,  its  north  pole  deviates  to 
the  east;  it  deviates  to  the  west  when  the  rotation  occurs 
from  west  to  east.  The  e£Pects  occur  in  an  inverse  direction, 
if  the  astatic  system  of  the  needles  is  transported  to  the  west 
of  the  globe  when  in  movement. 

The  effects  that  are  produced  in  a  copper  globe  set  in 
rotation  are  exactly  of  the  same  nature  as  those  obtained  by 
Mr.  Barlow  with  an  iron  globe  placed  under  the  same  cir- 
cumstances ;  which  proves  that  the  deviation  exercised  upon 
a  magnetised  needle  by  a  sphere  of  iron  when  in  motion  is  not 
due  to  magnetism,  but  to  currents  of  induction  developed  by 
the  induction  of  terrestrial  magnetism, — a  circumstance  that 
establishes,  as  well  in  the  cause  as  in  the  nature  of  the  effects, 
a  great  difference  between  the  action  of  an  iron  globe  at  rest 
and  the  action  of  an  iron  globe  in  motion. 

On  seeing  terrestrial  magnetism  capable  of  producing  by 
induction  continuous  currents  in  conducting  bodies  when  in 
movement,  whatever  be  their  form,  we  are  led  to  presume, 
with  a  certainty  almost  complete,  that  the  action  of  magnets 
may  produce  the  same.  Thus,  we  find  the  explanation  of  the 
phenomena  of  magnetism  by  rotation  by  connecting  them 
with  the  production  of  currents  by  induction*  It  is  also  to 
Faraday  that  we  owe  the  verification  of  this  conclusion.  He 
first  showed  that  a  copper  disc,  when  put  in  rotation  around  an 
axis  in  any  plane,  gives  rise  to  electric  currents  when  it  is  made 
to  circulate  so  that  its  edge  passes  between  the  two  opposite 
poles  of  two  magnets,  or  of  a  horse-shoe  magnet  (Fig.  142.). 
The  neighbourhood  of  a  single  pole  is  sufficient;    but  th^ 
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effect  is  less  decided.     One  of  the  extremities  of  the  gal- 
vanometer by  which  the  current  is  detected,  communicates 


Fig.  142. 

with  the  axis  of  the  disc,  and  the  other  with  its  circumference, 
which  is  carefiillj  amalgamated,  in  order  to  render  the  contact 
more  perfect.  The  current  produces  upon  the  needle  of  the  gal- 
vanometer a  permanent  deviation,  the  direction  and  the  intensity 
of  which  depend  upon  the  direction  and  the  rapidity  of  the 
rotation,  all  other  circumstances  remaining  the  same:  so 
long  as  the  rotation  is  executed  in  the  same  direction,  the 
current  preserves  the  same  direction,  even  though  the  point 
of  the  circumference  that  is  touched  with  the  conductor  is  on 
the  left  or  the  right  of  the  part  that  passes  near  the  pole,  or 
is  this  part  itself.  Only  the  intensity  diminishes  in  proportion 
as  it  is  more  distant  from  it  The  two  ends  of  the  galvano- 
meter may  be  also  put  in  communication  with  the  edge  of  the 
disc :  and  currents  are  obtained  the  direction  of  which  is  de- 
termined according  as  one  or  other  of  the  ends  is  nearer  to 
the  place  where  the  poles  of  the  magnet  are  situated.  Kthey 
are  both  at  the  same  distance  from  this  place,  one  on  the  left, 
the  other  on  the  right,  the  current  is  null;  which  is  due 
to  there  being  two  equal  and  contrary  currents  that  neutralise 
each  other. 

Faraday  obtained  exactly  the  same  effects  on  replacing  the 
ordinary  magnet  by  an  electro-magnet,  or  even  by  a  simple 
helix  traversed  by  a  current,  but  without  an  iron  core  in  the 
interior.  Every  precaution  had  been  taken  that  the  results 
should  not  be  influenced  by  terrestrial  magnetism.  It  was 
easy  to  prove  that  this  was  the  case  by  determining  that  there 
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-was  no  longer  any  effect  as  soon  as  the  magnet,  the  electro- 
magnet, or  the  helix,  was  withdrawn  from  the  disc. 

The  learned  English  philosopher  endeavoured  to  establish 
a  relation  between  the  direction  of  the  currents  that  he 
obtained  in  his  experiments,  and  the  direction  of  the  lines  of 
magnetic  force  or  magnetic  curves  emanating  from  each  of 
the  poles  of  the  magnet,  the  force  and  position  of  which  are 
determined  by  the  distribution  of  filings.  He  concludes 
that,  so  long  as  the  direction  of  the  movement  of  the  disc  is 
the  same,  the  relations  of  the  position  of  the  metal  with  the 
resultant  of  the  magnetic  force  remaining  also  the  same,  the 
direction  of  the  current  ought  not  to  vary ;  but  that  it  ought 
consequently  to  change  if  the  direction  of  the  movement 
becomes  the  inverse  of  what  it  was.  He  succeeded  in  ex- 
plaining in  a  similar  manner,  by  connecting  them  with  the 
phenomena  of  the  continuous  movement  of  rotation  of  electric 
currents  and  magnets  around  each  other,  the  different  forms 
tmder  which  M.  Arago  discovered  that  the  mutual  action  of 
discs  and  magnets  in  movement  may  be  manifested. 

All  the  effects  that  are  connected  with  the  production  of 
the  currents  of  induction,  as  well  in  surfaces  or  metallic 
masses  as  in  simple  wires,  appear  to  me  explicable  in  a  more 
simple  manner  by  tracing  them  to  the  primitive  law  of  in- 
duction discovered  by  Faraday  himself,  and  by  regarding 
magnets  as  Ampere  did,  as  being  an  assemblage  of  currents 
all  moving  in  the  same  direction,  in  planes  perpendicular  to 
the  magnetic  axis ;  a  consideration  much  better  justified  here, 
inasmuch  as  a  similar  assemblage  of  currents  produces  all  the 
same  phenomena  as  are  obtained  with  a  magnet 

Let  us  first  examine,  under  this  aspect,  Faraday's  expe- 
riment of  the  disc  that  rotates  under  the  influence  of  a 
magnet,  the  pole  of  which  is  either  above  or  beneath  the 
surface.  One  of  the  ends  of  the  galvanometer  is  in  contact 
with  the  axis  of  the  disc,  and  the  other  with  the  points  of  the 
circumference,  which  all  pass  at  the  same  distance  from  the 
magnetic  pole  or  poles.  If  these  points  have  not  yet  passed 
near  the  pole,  it  is  evident  that,  at  the  moment  when  they 
are  approaching  it,  there  is  developed  in  the  portion  of  the  disc 
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to  which  they  appertain^  a  current  of  mduction  parallel  to  that 
of  the  nearest  face  of  the  magnet^  and  moving  in  a  contrary 
direction.  This  current,  which  traverses  the  length  of  the 
radius  of  the  disc,  completes  its  circuit  by  means  of  the  wire 
of  the  galvanometer.  If  the  points  of  the  disc  that  successively 
touch  the  second  end  of  the  galvanometer  are  those  which 
have  already  passed  under  the  influence  of  the  pole,  the 
current  of  induction  that  travels  and  is  collected  in  the  same 
manner  as  that  which  was  developed  in  the  first  case,  is 
found  to  be  moving  in  the  same  direction  as  the  current 
situated  on  the  face  of  the  magnet,  near  to  which  the  portion 
of  the  disc  under  consideration  has  just  passed.  But  this 
face  of  the  magnet  has  its  currents  moving  in  a  contrary 
direction  to  the  currents  of  the  first  face ;  since  the  currents 
that  constitute  the  magnet  circulate  around  its  surface.  It 
follows  from  this,  that  the  current  of  induction  of  the  first  case 
having  a  contrary  direction  to  that  of  the  currents  of  the  face 
of  the  magnet  toward  which  it  is  tending,  and  the  current  of 
induction  of  the  latter  case  having  a  similar  direction  to  that 
of  the  currents  of  the  face  it  has  just  quitted,  these  two 
currents  travel  in  the  same  direction ;  since  the  currents  of 
the  two  faces  have  an  opposite  direction.* 

When  the  two  ends  of  the  galvanometer  each  communicate 
with  two  portions  of  the  circumference,  situated  on  opposite 
sides  of  the  magnetic  pole,  then  the  induced  current  that  is 
detected  by  the  wire  of  the  instrument  is  no  longer  that 
which  travels  firom  the  circumference  of  the  disc  to  the 
centre,  but  that  which  is  developed,  parallel  to  the  edge,  by 
the  influence  of  the  currents  of  those  faces  of  the  magnet 
parallel  to  that  edge  which  is  the  nearest  to  them.  Now, 
this  influence  gives  rise  to  two  induced  currents  moving  in  a 
contrary  direction :  one  in  the  part  of  the  disc  that  tends 
towards  the  face  of  the  magnet ;  the  other  in  the  part  of  the 
disc  that  is  moving  firom  it  These  two  currents  necessarily 
traverse  the  same  circuit ;  a  circuit  formed  of  the  part  of  the 
disc  comprised  between  the  two  points  of  contact  of  its  cir- 

•  To  be  more  brief,  I  have  employed  the  word  current  for  the  part  of  the  diac 
m  which  the  current  is  trtwdUng, 
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cumference  with  the  two  ends  of  the  galvanometer^  and  of 
the  wire  itself  of  this  instrument.  If  the  two  currents  are 
equals  the  effect  is  null.  This  occurs  when  the  two  points 
touched  are  in  either  direction  equally  distant  from  the  point 
placed  under  the  influence  of  the  magnet  When  the  two 
points  are  unequally  distant,  the  two  currents  are  no  longer 
equal,  and  there  is  an  effect  arising  from  their  difference  of 
intensity ;  the  one  that  is  developed  in  the  portion  of  the  disc 
corresponding  to  the  point  that  is  nearest  to  the  pole  being 
always  the  stronger,  because  it  is  the  nearer  to  the  cause 
producing  the  induction. 

The  details  into  which  we  have  just  entered,  in  order  to 
explain  Faraday's  two  experiments,  enable  us  to  dispense  with 
giving  the  description  of  many  experiments  of  the  same  kind, 
made  either  by  this  philosopher  himself  or  by  others.  We 
shall  simply  confine  ourselves  to  showing  further  how  the 
same  principles  furnish  a  satisfactory  explanation  of  Arago's 
phenomena  of  rotation.  Here  the  currents  of  induction,  that 
are  developed  by  the  successive  approach  and  removal  of  the 
magnet,  accomplish  their  entire  circuit  in  the  disc  itself,  since 
there  is  no  commimication  established  by  the  wire  of  a  galva- 
nometer or  in  any  other  manner;  however,  it  is  naturally 
always  the  portion  of  these  currents,  that  is  situated  in  the  part 
of  the  disc  nearest  to  the  magnet,  which  determines  the  at- 
tractive or  repulsive  action.  The  three  actions  recognised  by 
Arago  occur,  the  one  perpendicular  to  the  radii  of  the  disc,  the 
second  perpendicular  to  the  disc  itself,  and  the  third  in  the 
direction  itself  of  the  radii.  The  first — that  which  'draws 
along  the  needle — arises  from  the  currents  of  induction  that 
are  determined  in  the  disc  itself,  and  parallel  to  its  plane,  by 
the  lower  face  of  the  magnetised  needle ;  the  currents,  which 
move  in  a  contrary  direction  to  those  of  the  needle  in  the 
points  of  the  disc  that  are  approaching  toward  it,  repel  it  at 
the  same  time  that  it  is  attracted  by  the  induced  currents  de- 
veloped in  the  points  of  the  disc  that  are  distant  from  it,  and 
which  travel  in  the  same  direction  as  its  own  current  This 
double  action  draws  along  the  needle  in  the  same  direction  as 
the  disc,  or  draws  along  the  disc  in  the  same  direction  as  the 
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poles  of  the  magnet,  if  it  is  the  latter  that  are  set  in  mo-^ 
tion. 

The  second  kind  of  action,  which  consists  in  the  repulsion 
exercised  bj  the  disc  when  in  motion  npon  a  vertical  magnet 
suspended  above  it,  arises  from  the  repulsion  that  occurs 
between  the  currents  of  the  magnet  and  the  currents  of  in* 
duction  moving  in  a  contrary  direction  that  are  acquired  by 
the  part  of  the  disc  which  is  approaching  it,  from  the  very 
fact  of  its  approaching  it.  When  once  repulsion  is  brought 
about,  the  currents  induced  in  the  part  of  the  disc  that  is 
moving  away  are  no  longer  able,  on  account  of  their  too 
great  distance,  to  attract  the  magnet,  although  they  are 
travelling  in  the  same  direction  as  its  own  currents ;  whilst 
the  currents  induced  in  the  part  of  the  disc  that  is  approach- 
ing continue  to  repel  it  The  consequence  of  this  ezplani^ 
tion  is,  that  if  the  magnet  is  suspended  over  the  very  centre 
of  the  rotation  of  the  disc  it  must  remain  in  rest ;  and  this  is 
actually  confirmed  by  experiment. 

The  third  kind  of  action  occurs  in  the  direction  of  the 
radius  of  the  disc,  and  is  exercised  upon  a  vertical  needle 
movable  around  a  horizontal  axis,  in  a  vertical  plane,  passing 
through  the  centre  of  rotation  of  the  disc.  If  the  needle  is 
over  the  very  centre,  there  is  no  effect,  as  in  the  preceding 
case,  and  the  needle  retains  its  vertical  position :  this  is  due 
to  the  same  cause,  namely,  to  the  currents  induced  in  con- 
trary directions  being  equal  in  number  and  in  intensity,  and 
acting  at  the  same  distances.  When  the  needle  is  no  longer 
placed  above,  but  at  a  small  distance  from  the  centre,  it  is 
repelled  toward  this  centre  by  the  induced  currents,  developed 
in  the  exterior  part  of  the  disc,  as  it  was  formerly  repelled 
vertically ;  but  if  we  remove  it  further  from  the  centre,  the 
currents  induced  in  the  interior  part  of  the  disc  are  no  longer 
without  effect ;  they  also  repel  it,  and  there  exists  a  position  iii 
which,  the  two  repulsions  being  equal,  the  needle  acquires  no 
movement  Beyond  tliis  position,  namely,  nearer  to  the  cir- 
cumference, the  needle  is  repelled  far  from  the  centre,  because 
there  is  a  greater  total  surface,  and  consequently  more  repul- 
sive induced  currents  witliinside  than  without 

MM.  Nobili  and  Antinoni  succeeded  in  supporting  the  pre- 
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ceding  explanations  upon  direct  experiments^  by  which  they 
established  the  presence  in  the  disc  of  the  induced  currents  to 
which  we  attribute  the  movements  of  the  magnetised  needle. 
With  this  view,  they  fixed  to  the  two  ends  of  a  galvanometer 
twa  wires  terminated  by  two  conical  metal  points,  sufficiently 
stout  not  to  bend  under  the  pressure  of  the  fingers,  which  points 
they  applied  as  probes  on  the  difierent  parts  of  the  disc  in 
motion,  so  as  thus  to  seize  upon  the  currents  that  pafla 
under  these  points.  It  is  not  necessary,  in  order  to  insure 
coximmnicalion,  to  press  the  points  strongly  against  the  disc ; 
by  taking  this  precaution,  we  avoid  the  currents  to  which  the 
liberation  of  heat  would  give  rise,  arising  from  firiction  under 
too  powerful  a  pressure.  The  results  of  this  species  of  probing 
carried  out  on  different  positions  of  the  discs  in  relation  to  the 
magnets,  constantly  show  that  on  the  parts  of  the  disc  that  are 
entering  under  the  magnetic  influence  is  developed  a  system  of 
currents  contrary  to  those  of  the  magnet,  and  on  the  other 
side  a  system  of  currents  having  the  same  direction  as  those 
of  the  magnet,  and  consequently  contrary  to  the  former. 
With  regard  to  the  actual  distribution  of  these  currents,  and 
the  form  of  the  circuit  that  they  traverse  on  the  disc,  by 
multiplying  the  probes  we  are  able   to   determine  it  with 

greater  or  less  precision.  MM. 
Nobili  and  Antinoni  endeavoured 
to  accomplish  this.  Fig.  143. 
gives  the  graphical  tracing  of 
these  currents  upon  a  disc  set  in 
rotation  imder  the  action  of  the 
two  poles  of  a  powerful  horse- 
shoe magnet  placed  symmetri- 
cally, and  the  projections  of  which 
are  repreisented  by  n'  and  8' ;  the 
larger  arrows  indicate  the  direc- 
tion of  the  rotation  of  the  disc 
ONES,  and  the  others  the  direc-^ 
tion  of  the  currents  in  the  different  points  where  the  probes 
are  applied. 

It  is  now  an  easy  matter  to  comprehend    the  influence 

VOL.  I.  B  B 
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over  the  phenomena  of  magnetism  by  rotation,  arising  from 
solations  of  continuity  in  the  disc*  If  they  diminish  the 
action  more  as  they  are  more  nnmerous,  it  is  diat  they  oppose 
the  circulation  of  die  cnrrents  of  induction,  and  thus  diminish 
their  number  and  intensity;  in  fact,  we  have  merely,  as 
Herschel  and  Babbage  observed,  to  fill  up  the  slits  of  the  disc 
with  a  conducting  metal,  in  order  to  re-establish  the  in- 
terrupted circuits,  and  so  to  restore  to  the  action  almost  die 
whole  of  its  primitiye  energy. 

The  differences  of  force  observed  by  the  philosophers  that 
we  have  just  named,  between  discs  made  of  different  metals, 
is  equally  well  explained  by  the  difference  existing  between 
them  with  regard  to  their  conducting  power,  and  consequently 
with  regard  to  the  greater  or  less  degree  of  &cility  that  they 
present  to  the  circulation  of  the  induced  currents.  Faraday 
confirmed  this  explanation  by  determining,  in  a  direct  manner, 
the  force  of  the  induced  currents  in  wires  of  different  kinds. 
With  this  view,  he  coiled  together,  so  as  to  make  a  double 
helix,  two  wires  of  the  same  length  and  the  same  diameter, 
and  both  covered  with  silk,  but  one  being  of  copper  and  the 
other  of  iron.  He  fixed  the  two  extremities  of  the  copper  to 
the  two  ends  of  one  of  the  wires  of  the  differential  galvano- 
meter {Fig.  135.),  and  the  extremities  of  the  iron  wire  to  the 
two  ends  of  the  other  wire  of  the  same  galvanometer;  so 
that,  if  the  two  wires  are  traversed  by  currents  having  the 
same  direction,  they  make  the  needle  deviate  in  the  opposite 
direction ;  and  that,  consequently,  the  needle  does  not  move 
waen  the  curr^its  possess  the  same  intensity.  By  introducing 
into  the  interior  of  the  helix  a  cylindrical  magnet,  he  obtained 
a  deviation  in  the  galvanometer;  a  deviation  which  was 
sensibly  more  powerful,  but  always  in  the  same  direction, 
when  he  had  suppressed  the  communication  of  the  helix  of 
iron  wire  with  the  galvanometer  wire;  a  proof  that  the 
current  before  this  suppression  was  the  difference  between  the 
current  induced  in  the  copper  wire  and  the  current  induced 
in  the  iron  wire,  and  that  the  former  was  much  more  powerful 
than  the  latter.  Wires  of  iron,  zinc,  tin,  lead,  and  copper,  all 
drawn  t6  the  same  diameter,  were  compared  two  and  two  in 
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the  same  maimer ;  only  instead  of  introducing  a  magnet  into 
the  double  helices^  Faraday  placed  a  soft  iron  cylinder^  which 
he  magnetised  by  means  of  a  powerful  horse-shoe  magnet^ 
that  produced  more  marked  effects^  and  amounted  to  the 
same  thing,  as  far  as  the  mode  of  experimenting  is  concerned* 
As  the  result  of  these  comparisons^  the  metals  were  found  to 
be  ranged  in  the  following  order :  copper,  zinc,  iron,  tin,  and 
lead.  This  is  exactly  their  order  of  conducting  power  for 
electricity ;  this  is  exactly,  also,  the  order  of  their  power  of 
magnetic  rotation  according  to  the  experiments  of  Babbage 
and  Herschel.  Those  of  Harris,  also,  give  similar  results. 
Iron  alone  forms  an  exception.  This  is  because,  in  the  phe- 
nomena of  magnetism  by  rotation,  it  acts  not  only  by  the 
currents  of  induction,  but  also  in  virtue  of  its  own  magnetic 
properties.  It  b  this  circumstance,  also,  that  explains  the 
difference  discovered  by  M.  de  Haldat  between  the  effect  of  a 
steel  disc  and  that  of  an  iron  one ;  the  former,  with  a  very  in- 
considerable velocity  of  rotation,  exercising  an  effect  almost 
null ;  and  the  latter,  on  the  contrary,  acting  very  powerfully. 
In  fact,  the  poles  of  the  magnetised  needle  readily  determine, 
upon  the  parts  of  the  iron  or  steel  discs,  opposite  poles,  which 
draw  them  along  by  virtue  of  ordinary  attraction ;  but  these 
poles,  which  aid  for  a  moment  the  rotatory  motion,  being 
drawn  further  onward  by  the  rotation  itself,  act  upon  the 
needle  in  a  contrary  direction.  If  they  last  for  a  brief  space 
of  time,  as  in  soft  iron,  the  rotatory  movement,  far  from 
finding  in  them  an  opposition,  receives  from  them  a  favourable 
impulse ;  if  they  last  longer,  as  upon  steel,  they  retard  the 
needle,  and  act  in  opposition  to  the  rotation.  Thus  the  coer- 
citive  force  does  not,  as  M.  de  Haldat  thought,  influence  in  a 
direct  manner  the  dragging  force,  but  it  acts  simply  by  re* 
tarding  in  steel  the  destruction  of  the  ordinary  magnetism. 

With  regard  to  the  action  of  a  very  inferior  order,  and 
scarcely  sensible,  that  discs  made  of  non-conducting  substances 
exercise  upon  the  needle,  it  is  evident  that  it  cannot  be  ex* 
plained  in  the  same  manner  as  that  of  the  metallic  discs, 
since  currents  of  induction  cannot  be  established  in  them ;  it 
is  due  to  another  order  of  phenomena,  recently  discovered  by 
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Mr.  Faraday,  and  which  form  the  subject  of  the  last  Chaptei^ 
of  this  Third  Part 


Magneto-Electric  Machines. 

We  have  just  seen  that  magneto-electric  induction  is  a 
remarkable  source  of  dynamic  electricity.  We  may  there- 
fore take  advantage  of  this  in  order  to  produce  electric 
currents,  as  we  use  friction  in  the  electrical  machine  for 
developing  static  electricity. 

The  first  magneto-electric  machine  was  constructed  by 
Faraday.  It  consists  of  a  copper  disc  movable  in  a  vertical 
plane  around  a  horizontal  axis,  and  made  to  rotate  between 
the  two  opposite  poles  of  a  magnet  (i^.  144.).     We  have 


seen  that,  if  we  make  the  two  ends  of  the  galvanometer  wire 
communicate,  one  with  the  axis  of  the  disc,  and  the  other 
with  a  point  of  its  circumference,  the  deviation  of  the  needle, 
that  occurs  in  one  direction  or  the  other  according  to  the 
direction  of  the  rotation,  indicates  the  liberation  of  a  constant 
current  in  the  disc.  But-  this  current  has  very  little  inten- 
sity; it  is  incapable  of  producing  chemical  decomposition, 
shocks,  &c.  It  is  the  same  with  the  currents  of  induction  to 
which  terrestrial  magnetism  gives  rise  in  metal  discs  or  globes 
set  in  rotation  under  its  influence. 

In  order  to  obtain  induced  currents  of  a  somewhat  decided 
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intensity^  we  must  develope  them  in  tolerably  long  wires  in 
such  a  manner^  that  the  conductor  by  which  the  ends  of  these 
wires  are  connected  is  sufiSciently  good^  or  at  least  is  not 
much  less  good^  than  the  wires  themselves*  It  follows  from 
this,  that  the  current  may  traverse  them  instead  of  retro* 
grading  by  the  wire  itse^  in  which  the  induction  occurs. 
The  first  artist  who  constructed  a  machine  on  this  principle  is 
M.  Pixii  A  large  horse-shoe  magnet  was  set  in  rotation 
beneath  a  similar  armature  of  soft  iron,  the  two  branches  of 
which  were  surrounded  by  a  silk-covered  wire.  Every  time 
the  poles  of  the  magnet  arrived  under  the  armature  and 
quitted  it,  there  were  induced  currents  developed  in  the 
wires ;  and  these  currents  were  made  manifest  by  the  con- 
ductor that  connected  the  two  ends  of  these  two  wires. 
M.  Pixii  succeeded  in  producing,  by  means  of.  his  apparatus, 
chemical  decompositions,  shocks,  the  spark ;  and  he  even  suc- 
ceeded, by  insulating  the  ends  of  the  wire  instead  of  uniting 
them,  in  charging  a  Leyden  jar  and  the  gold  leaves  of  an 
electroscope  by  means  of  the  electricity  accumulated  in  each 
of  them. 

This  ingenious  machine,  which  was  rather  inconvenient  in 
actual  use,  was  soon  replaced  by  the  much  more  portable 
apparatus  of  Saxton,  modified  and  afterwards  perfected  by 
Clarke.     Saxton's  apparatus  {Fig.  145.)  consists  of  a  powerful 


Fig.  145. 

horse-shoe  magnet  fixed  horizontally ;  an  armature  of  soft  iron 
having  the  form  of  a  horse-shoe,  and  each  branch  of  which  is 
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sarrounded  by  a  wire  covered  with  silk^  is  set  in  rotation 
before  the  magnetic  poles  by  means  of  a  horizontal  axis 
passing  between  the  branches  of  the  magnet^  and  which  is 
itself  moved  by  means  of  a  wheel.  An  endless  cord,  passing 
at  once  round  the  circumference  of  the  wheel  and  the  groove 
of  a  pulley  fixed  on  the  axis  by  its  centre,  serves  to  commu-" 
nicate  motion.  The  two  branches  of  the  armature,  which  is 
fixed  transversely  to  the  extremity  of  the  axis,  are,  for  each 
turn  of  the  wheel,  both  made  to  pass  successively  before  the 
two  poles  of  the  magnet.  At  each  passage  there  is  mag- 
netisation and  demagnetisation,  and  consequently  a  develop- 
ment in  the  ambient  wire  of  two  induced  currents  in  contrary 
directions.  Hence  it  follows,  that  in  all  there  are  four 
currents  in  each  of  the  two  wires  for  one  complete  rotation  of 
the  wheeL  If  we  compare  each  induced  current  in  one  of 
the  wires  with  the  current  induced  in  the  other  at  the  same 
instant,  that  is  to  say,  at  the  instant  of  magnetisation  or  at  the 
instant  of  demagnetisation,  we  shall  remark  that  these  cur- 
rents must  be  moving  in  contrary  directions ;  because  the  poles 
of  the  magnet,  to  whose  influence  they  are  owing,  are  of  a  con- 
trary name.  In  order  that  they  may  add  to  instead  of  neu- 
tralise each  other,  we  must  connect  together  the  two  ends  of 
each  of  the  wires  whence  the  current  seems  to  come  out,  and 
the  two  ends  at  which  it  seems  at.  the  same  time  to  enter. 
These  four  ends,  thus  united  two  and  two,  present  now  only 
two  extremities,  which  are  like  species  of  poles,  and  which  are 
to  be  united  by  the  body  destined  to  be  placed  in  the  route  of 
the  induced  currents.  We  may  also  imite  together  one  of  the 
extremities  of  one  wire  with  the  corresponding  extremity  of 
the  other ;  so  that  the  two  wires  shall  form  but  a  single  one, 
traversed  entirely  by  each  of  the  induced  currents  developed 
in  both  wires.  It  is  necessary  that,  in  the  same  instant,  the 
two  currents  simultaneously  induced  should  have  the  same 
direction;  which  is  obtained  by  properly  selecting  the  two 
extremities  that  are  put  in  communication,  and  which  we  have 
called,  in  order  to  express  this  idea,  correspondent  The  two 
other  extremities,  that  are  not  united  together,  form  in  this 
case  the  two  poles.     The  difference  presented  by  these  two 
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arrangements  consiBts  in  that^  in  the  former^  there  are  two 
parallel  circuits^  the  effects  of  which  are  added  together ;  and 
that^  in  the  latter^  we  have  but  a  single  circuit  of  a  double 
length,  which  propagates  a  double  current  of  induction.  The 
second  circuit  is  evidentlj-  much  less  a  conductor  than  the 
first,  since  it  is  composed  of  a  single  wire  of  a  double  length, 
instead  of  two  wires  of  half  the  length ;  on  which  account  it 
is  preferable,  when  the  currents  of  induction  are  intended  to 
traverse  imperfect  conductors :  the  first  is  preferable  in  cases 
where  the  bodies  that  are  placed  in  the  course  of  these 
currents  have  a  good  conducting  power.  It  is  easy,  with  the 
same  machine,  to  connect  together  the  ends  of  the  two  wires 
according  to  one  or  other  mode,  and  thus  to  be  able,  with 
one  and  the  same  apparatus,  to  obtain  'the  various  effects  that 
would  require  two,  one  of  which  would  be  with  a  short  and 
thick  wire,  and  the  other  with  a  long  and  thin. 

In  order  to  establish  communication  between  the  two  ex- 
tremities of  the  wires  or  poles,  one  is  made  to  terminate  in  a 
stem  fixed  oh  the  prolongation  of  the  axis,  in  the  middle  of 
the  armature,  and  which  moves  with  it,  and  the  other  in  a 
small  vertical  metal  disc,  fixed  by  its  centre  to  the  same  stem, 
which  traverses  it,  but  fix>m  which  it  is  well  insulated  by 
means  of  a  glass  tube  enveloping  the  stem.  The  disc  con- 
stantly plunges  by  its  lower  part  into  a  small  mercury  bath, 
which  also  receives  successively  the  two  points  of  a  small 
brass  needle,  adjusted  to  the  extremity  of  the  stem,  and  com- 
municating metallically  with  it.  The  mercury  thus  establishes 
every  time  that,  by  the  effect  of  the  rotatory  movement,  one 
of  the  points  plunges  into  it,  a  metallic  communication  between 
the  two  extremities  or  poles  of  the  inductive  wire.  If  care  is 
taken  so  to  arrange  the  needle  that  each  of  its  points  plunges 
into  the  mercury  at  the  moment  when  the  armature  aodves 
before  the  poles  of  the  magnet,  it  follows  that  the  first  current 
of  induction  occurs  at  the  instant  of  immersion,  and  the  second 
at  the  instant  of  the  emersion  of  the  needle.  Thus  this  immer- 
sion and  emersion  are  each  accompanied  by  a  spari^  produced 
by  these  two  currents,  and  there  are  consequently  manifested 
a  series  of  brilliant  sparks,  forming  as  it  were  a  continuous 
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light  so  long  as  the  rotatory  movement  is  given  to  the  ar« 
mature. 

When  we  wish  to  pass  the  series  of  induced  currents 
through  a  conductor,  we  suppress  the  needle  fixed  trans- 
versely to  the  extremity  of  the  axis  of  rotation,  and  we  press 
against  this  extremity,  which  is  cut  hollow,  the  end  termi*- 
nating  in  a  point  of  a  small  metal  stem,  firmly  attached  to 
one  of  the  pieces  of  the  apparatus,  and  the  other  end  of  which 
plunges  into  a  cup  filled  with  mdrcury.  We  place  this 
cup,  and  the  mercury  into  which  the  small  disc  constantly 
plunges,  in  communication  by  means  of  a  conductor;  and 
it  consequently  follows  that  the  latter  serves  for  the  passage 
of  the  series  of  induced  currents.  We  must  take  care 
to  amalgamate  the  bottom  of  the  small  hollow  cavity  at 
the  extremity  of  the  axis,  in  order  that  the  communication, 
established  between  the  bottom  and  the  point  against  which  it 
rubs  in  turning,  may  be  entirely  metallic,  and  consequently 
conducting. 

The  eflects  of  the  induced  currents  are,  with  some  few 
differences,  the  same  as  those  of  voltaic  currents.  Thus  these 
currents  heat,  and  even  render  incandescent,  a  very  fine 
platinum  wire  placed  in  their  course;  they  decompose  the 
acidulated  water  of  a  voltameter ;  they  produce  very  violent 
shocks,  and  sometimes  even  very  painful  ones,  to  the  person 
whose  hands  clasp  the  conductors,  connected  one  with  the 
mercury  of  the  small  cup,  the  other  with  the  mercury  in 
which  the  disc  is  plunged.  In  order  that  this  effect  may  be 
very  sensible,  it  is  necessary  that  the  part  of  the  two  con* 
ductors  that  is  held  in  the  hands  should  be  in  the  form  of 
a  handle,  and  be  slightly  moistened  with  salt  water. 

The  currents  that  are  obtained  by  means  of  the  magneto- 
electrical  machine  differ  from  the  ordinary  currents  of  voltaic 
electricity  in  two  respects :  the  first  is  that  they  are  discon* 
tinuous ;  the  second,  that  they  move  alternately  in  opposite 
directions.  It  is  to  the  former  of  these  two  circumstances, 
and  not  to  the  latter,  that  the  remarkable  intensity  of  the 
physiological  effects  are  due ;  for  we  may  obtain  tihe  same 
result  by  rendering  an  ordinary  voltaic  current  discontinuous 
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bj  means  of  a  rheotome,  which  produces  a  series  of  discon- 
tinaqus  currents,  it  is  true,  like  the  currents  of  induction,  but 
all  moving  in  the  same  direction*  The  influence  of  the  second 
circumstance  is  felt  in  chemical  decompositions.  Since  the 
currents  are  moving  alternately  in  one  direction  and  in  the 
other,  and  since  consequently  each  wire  serves  alternately  as 
the  positive  and  as  the  negative  pole,  it  follows  that  the  gases 
collected  around  each  of  the  platinum  wires  of  the  voltameter 
in  the  decomposition  of  the  water  are  a  mixture  of  hydrogen 
and  oxygen.  It  even  happens  that,  if  the  surface  of  the 
platinum  in  contact  with  the  liquid  is  considerable,  a  great 
part  of  the  hydrogen  and  oxygen  that  are  transported  ^ere 
alternately  by  the  effect  of  electro-chemical  decomposition, 
combine  together  to  form  water.  This  phenomenon  is  espe 
dally  manifested  when  the  currents  of  induction  succeed  each 
other  very  rapidly,  so  that  the  appearance  of  the  oxygen  and 
that  of  the  hydrogen,  or  each  of  the  two  platinum  wires  or 
plates,  is  almost  simultaneous.  This  recomposition  causes 
that  the  quantity  of  gas  manifested  in  the  voltameter  is 
sometimes  very  trifling ;  it  may  even  become  null  if  the  re- 
composition  is  complete,  even  though  the  currents  possess 
great  power.  This  power  is  then  made  evident  by  interposing 
in  the  circuit  one  of  the  calorific  galvanometers  that  we  have 
described  in  the  First  Part  of  this  work.  A  magnetic  galva- 
nometer would  not  give  any  indication,  because,  being  tra^ 
versed  by  equal  currents  alternately  contrary,  which  succeed 
each  other  very  rapidly,  there  is  no  reason  for  the  needle  de- 
viating in  one  direction  more  than  in  another. 

In  Clarke's  apparatus  {JFlff,  146.),  the  magnet  is  vertical 
instead  of  being  horizontal,  and  the  apparatus  is  so  arranged 
that  we  can  do  without  the  mercury  bath;  a  small  spring, 
constantly  pressing  upon  a  metal  cylinder  put  in  place  of  the 
vertical  disc,  serves  to  establish  the  communication;  this 
cylinder  is  itself  traversed  by  the  axis  fixnn  which  it  is  in* 
sulated  by  means  of  a  glass  tube,  or  simply  by  an  envelope  of 
wood:  with  regard  to  the  axis,  it  terminates  in  a  cylinder, 
serving  as  a  commutator  or  break-piece,  and  which,  to  this  end, 
is  hollowed  out  so,  as  to  present  soluticms  of  continuity  upon 
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its  sar£Eu^5  or,  which  is  still  better,  possesses  a  snrfince  alter- 
natelj  of  metal  or  of  wood.     It  follows  that  a  second  spring 


^ 


rig.  146. 

^xmstantly  resting  against  this  piece,  is  found  by  the  rotation 
to  be  in  contact  sometimes  with  the  metal,  at  other  times  with 
the  wood  of  the  stir£Bu:e  of  the  cylinder,  which  causes  it  to  be 
sometimes  in  communication,  and  at  other  times  not  in  com- 
munication with  one  of  the  extremities  of  the  induced  wire, 
whibt  the  fbormer  spring,  by  pressing  against  the  metallic 
cylinder  which  is  in  place  of  the  disc,  and  the  sur£EU^  of  which 
is  continuous,  is  always  in  communication  with  the  other 
extremity  of  the  wire.  The  arrangement  that  we  have  just 
been  describing  possesses  the  advantage  of  enabling  the  expe- 
rimenter to  obtain  induced  currents  all  moving  in  the  same 
direction  :  it  is  sufficient  for  this  to  combine  the  interruptions 
of  the  communication  between  the  extremity  of  the  axis  and 
the  qpring  that  rests  against  it,  so  that  they  shall  occur  at  the 
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moment  when  the  armatnre  approaches  the  magnet,  or  else 
at  the  moment  wh^i  it  is  receding  from  it»     In  the  former 
case,  it  is  the  currents  induced  by  the  magnetisation  of  the 
armature  that  are  excluded,  and  those  that  occur  at  the 
moment  of  demagnetisation  are  collected ;  in  the  latter  case,  it 
ia  the  reverse.     A  series  of  induced  currents,  all  moving  in 
the  same  direction,  such  as  may  be  procured  by  the  apparatus 
we  have  been  describing,  produce  exactly  the  same  effects  aa 
the  currents  of  a  voltaic  pile,  especially  when  they  succeed 
each  other  with  great  rapidity.   The  longer  and  finer  the  wire 
is  in  which  the  induction  is  produced,  the  more  do  the  currents 
that  are  developed  in  it  resemble  the  currents  of  piles  of  high 
tension.     It  however  happens  that,  at  a  certain  d^ree  of 
fineness  and  length  of  wire,  these  induced  currents  cease  to 
have  the  power  of  producing,  not  only  calorific,  but  even 
chemical  effects.     On  the  other  hand,  they  give  rise  to  phy- 
siological effects  of  much  higher  inteosity.     This  influence  of 
length  and  diameter  is  due  to  the>conductibility  of  the  circuit 
which  depends  upon  it,  being  greatly  concerned,  independently 
of  the  producing  cause  of  the  electricity,  in  the  greater  or  less 
degree  of  the  intensity  of  the  effects  of  the  electric  current* 
This  is  a  point  upon  which  we  shall  treat  in  the  Fourth  Part 
of  this  work. 

MM.  Pahnieri  and  Linari  succeeded,  in  magneto-electrio 
machines,  in  substituting  terrestrial  magnetism  for  the  horse- 
shoe magnet.  They  had  at  first  constructed  their  machines 
by  arranging  on  the  same  horizontal  axis  several  soft  iron 
cylinders  surrounded  by  silk-covered  wires  woimd  in  helices^ 
md  then,  placing  the  axis  in  a  direction  perpendicular  to  the 
magnetic  meridian,  they  gave  it  a  rotatory  movement,  whence 
there  resulted,  in  the  cylinders  of  iron,  by  the  effect  of  ter- 
restrial magnetism,  a  magnetisation  alternately  in  one  direction 
and  the  other,  and  consequentiy  the  production  in  the  ambient 
wires  of  a  series  of  currents  of  induction,  exactly  similar, 
except  in  intensity,  with  those  that  are  obtained  in  Saxton's 
and  Clarke's  machines,  by  making  the  soft  iron  armatures 
pass  in  front  of  the  poles  of  the  magnet  An  arrangement  of 
the  same  kind,  as  tiiose  that  we  have  described  when  speaking 
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of  these  machines,  serves  to  collect  the  induced  currents  in 
MM«  Palmieri  and  Linari's  apparatus,  and  to  separate  thent 
at  pleasure.  The  two  philosophers  succeeded,  in  a  second 
machine,  in  developing  directly,  and  without  the  intervention 
of  the  soft  iron,  induced  currents  in  copper  wires,  by  the 
immediate  action  of  terrestrial  magnetism.  After  various 
attempts,  they  found  that  the  best  method  of  obtaining  tfaia 
result  consisted  in  taking  a  thick  copper  wire,  about  J- jn.  in 
diameter,  and  several  yards  in  length,  and  winding  it  around 
an  elliptical  frame,  39:^  in*  in  diameter,  in  the  direction  of  ita 
larger  axis.  A  rotatory  movement  is  given  to  tiiis  frame 
around  its  axis,  taking  care  to  place  the  axis  in  a  direction 
almost  perpendicular  to  that  of  the  magnetic  meridian ;  they 
obtained  currents  of  induction  which  give  a  powerftd  spark, 
and  produce  all  the  calorific,  chemical,  and  physiological  effects 
of  tile  ordinary  magneto-electric  machines.  In  this  apparatus, 
MM.  Palmieri  and  Linari,  in  order  to  collect  the  induced 
currents,  made  one  of  the  extremities  of  tiie  wire  communicate 
with  a  simple  small  metal  wheel,  plunging  into  a  mercury 
bath  by  its  lower  part,  and  the  other  extremity  with  an  axis 
traversing  tiie  entire  wheel,  but  at  the  same  time  insulated 
from  it.  The  conductor  by  which  the  extremity  of  tiie  axis 
and  the  mercury  bath  were  connected,  was  traversed  by  the 
currents.  It  is  exactiy  the  same  arrangement  as  in  Saxton's 
apparatus,  that  we  have  described  above.  However,  up  to 
the  present  time,  notwithstanding  the  persevering  efforts  of 
M.  Palmieri,  the  magneto-electric  machines  founded  upon  tiie 
employment  of  terrestrial  magnetism  have  not  been  aUe  ad- 
vantageously to  replace  tiiose  in  which  tiie  magnetic  influence 
emanates  frt>m  magnets. 

But  of  all  magneto-electrical  machines,  the  most  powerful 
are  tiiose  in  which  we  make  use  of  a  temporary  magnet  or 
electro-magnet.  Their  mode  of  construction  differs  essentially 
from  that  of  the  machines  in  which  the  action  is  derived  from 
an  ordinary  magnet.  In  fact,  it  is  not  necessary  to  have  an 
armature  and  an  electro-magnet,  nor  consequently  to  give  <»ie 
a  movement  in  respect  to  the  other.  It  is  enou^  to  have  a 
single  piece  of  soft  iron  (in  the  form  of  a  cylinder,  for 
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example),  around  which  we  coil  two  wires  covered  with  silk ; 

vre  pass  a  voltaic  current  through  one  of  these  wires,  taking 

the  precaution  to  render  it  discontinuous  by  means  of  a  rheo-» 

tome,  and  we  obtain,  in  the  other,  a  series  of  induced  currents 

moving  alternately  in  contrary  directions,  and  corresponding 

to  the  passage  and  to  the  interruption  of  the  inducing  currents 

The  wire  that  conducts  die  inducing  current  ought  not  to  be 

either  too  long  or  too  fine,  seeing  that  the  current  arises 

generally  firom  a  single  pair,  and  that  it  is  necessary,  in  order 

that  the  magnetism  of  the  soft  iron  be  powerful,  that  the 

resistance  of  the  conductor  be  inconsiderable.     With  regard 

to  the  wire  in  which  the  induced  current  is  developed,  ita 

dimensions  depend,  as  in  the  machines  that  we  have  been 

describing,  upon  the  nature  of  the  effects  that  we  desire  to 

produce.     With  a  wire  about  30  or  40  yards  in  lengthy  and 

of  great  fineness,  and  by  passing  the  current  of  only  one  pair 

of  Daniell's,  having  a  surface  of  4  or  5  in.  square,  through  an 

ordinary  wire,  we  are  able  to  obtain  induced  currents  of  such 

an  intensity,  that  a  very  strong  man  cannot  with  impunity 

endure  for  a  minute  or  two  the  shocks  to  which  they  give 


For  all  other  chemical  or  calorific  effects,  we  generally 
employ  for  receiving  the  induced  current  a  similar  wire  to 
that  which  conducts  the  inducing  current.  The  two  wires 
are  coiled  either  together,  or  one  over  the  other,  around  the 
bobbin,  in^the  interior  of  which  is  placed  the  soft  iron.  The 
latter  may  be  indifferently  a  solid  or  a  hollow  cylinder* 
There  has  even  been  found  some  advantage  in  supplying  the 
place  of  the  cylinder  by  a  bundle  of  wires,  or,  better  still,  of 
soft  iron  bars,  insulated  from  each  other  by  a  layer  of  vamislu 
This  circumstance  does  not  permit  of  the  establishment  of 
currents  of  induction  circulating,  as  in  the  case  of  a  single  cy* 
lindrical  bar,  over  the  exterior  surface  of  the  cylinder,  currents 
which  diminish  the  inducing  powers  exercised  upon  the  wires 
themselves.  It  is  for  the  same  reason  that  we  must  avoid 
placing  in  the  interior  of  the  bobbin  a  hollow  cylinder  of  brass 
or  copper ;  it  would  be  better  that  the  magnetic  bundle  should 
be  in  immediate  contact  with  the  wood.     However,  these 
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precaations  are  not  indispensable;  they  are  not  really  ne- 
cessary, except  in  certain  cases  in  which  we  are  engaged  npon 
particular  effects,  as  we  shall  see  further  on. 

One  of  the  most  important  parts  of  soft  iron  magneto- 
electric  machines  is  the  rheotome.  The  most  simple  is  a 
toothed  wheel,  moved  by  the  hand  by  means  of  a  small 
handle,  and  communicating  by  its  axis  with  one  of  the  poles 
of  the  jMle,  whilst  the  other  pole  is  in  communication,  by 
means .  of  the  inducing  wire,  with  an  elastic  plate  resting 
against  the  teeth  of  the  wheel.  Every  time  the  plate,  in 
consequence  of  the  rotatory  movement,  leaps  from  one  tooth 
to  another,  there  is  an  interruption  and  a  completion  of  the 
circuit  in  the  inducing  wire,  and  consequently  a  production  of 
two  induced  currents  successively  in  opposite  directions  in 
the  induced  wire*  When  the  two  ends  of  the  induced  wire 
are  not  united  by  a  conductor,  the  currents  give  rise  to  a 
spark  that  escapes  between  the  plate  and  the  tooth,  and  which 
arises  from  the  current  induced  in  the  inducing  wire  itself, 
which  is  only  manifested  so  long  as  the  former  is  not  mani- 
fested. 

The  rheotome  that  gives  rise  to  the  most  powerful  current 
of  induction  is  the  mercury  rheotome  that  is  described  {Fig. 
130.).  We  require  only  two  needles,  which  close  the  circuit 
when  they  are  plunged  into  the  mercury,  and  interrupt  it 
when  they  come  out :  they  are  fixed  transversely  to  an  axis 
that  is  itself  moved  by  a  clock  movement,  the  velocity  of 
which  is  regulated  by  means  of  fans,  to  which  is  added  the 
effect  of  the  resistance  of  the  mercury.  The  only  inconveni- 
ence presented  by  this  system  is  that  the  mercury  is  projected, 
and  is  very  rapidly  oxidised.  It  is  then  covered  with  small 
black  globbles,  that  interfere  with  the  perfect  contact  of  the 
needles  with  the  liquid  metal,  and,  as  they  rise  above  its 
surfiEU^,  frequently  make  the  two  compartments  communicate 
together  in  a  permanent  manner ;  and  they  ought  not  to  have 
any  other  communicaticm  than  what  is  established,  at  intervals, 
by  the  two  needles  that  plunge  into  it  The  apparatus  an- 
nexed {Fig.  147.),  constructed  by  M.Bonijol,  repres^:its  an 
induction  machine,  in  which  the  two  rheotomes  may  be  in- 
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differently  employed.     The  two  cups,  a  and  b,  are  intended 
to  receive  two  poles  of  the  pile  (generally  a  single  pair). 


J%f.  147. 

From  the  cnp  b  there  proceed  two  conductors^  one  of  which 
is  attached  to  the  toothed  wheels  the  other  to  one  of  the  com- 
partments of  the  mercury  rheotome.  From  the  other  com- 
partment of  this  rheotome,  as  well  as  from  the  elastic  plate 
that  rests  against  the  toothed  wheel,  comes  a  conducting  wire ; 
and  these  two  wires  arrive  at  the  other  extremity  of  the  in- 
ducing wire.  If  we  wish  to  employ  the  mercury  rheotome, 
we  set  the  clock  movement  in  motion,  and  the  needles  im- 
mediately execute  their  immersion  and  their  emersion:  we 
take  care  at  the  same  time  to  raise  the  elastic  plate,  so  that  it 
shall  have  no  point  of  contact  with  the  toothed  wheel,  and 
that  the  current  can  only  be  established  by  the  mercury  rheo- 
tome. If  we  desire  to  employ  the  toothed  wheel,  we  make  it 
rotate  by  means  of  the  handle,  after  having  put  the  elastic 
plate  again  in  contact  with  it;  we  at  the  same  time  take 
care  that  the  needles  of  the  other  rheotome,  which  are  no 
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longer  in  motion,  are  arranged  in  their  state  of  rest,  so  as  not 
to  plunge  into  the  mercmy,  and  consequently  not  to  permit 
the  current  to  circulate  hj  this  patL 

The  two  knobs  c  and  D  represent  the  two  extremities  of 
the  induced  wire ;  any  conductor  by  which  they  are  united 
is  traversed  by  the  succession  of  induced  currents*  To  the 
two  other  knobs,  e  and  f,  arrive  metal  wires,  each  proceeding 
from  one  of  the  extremities  of  the  inducing  wire :  these  knobs 
are  intended  for  transmitting  through  every  conductor,  by 
which  they  are  united,  the  currents  induced  in  the  inducing 
wire  itself,  in  such  a  manner  that,  by  using  alternately  the 
knobs  c  and  d,  and  the  knobs  e  and  F,  we  can  obtain  either 
the  one  or  the  others ;  but  we  cannot  make  them  act  at  the 
same  time,  the  former  currents  existing  only  when  the  latter 
are  not  liberated,  as  we  have  already  remarked.  It  is,  indeed, 
a  very  remarkable  thing  to  see  this  mutual  dependence  of 
the  currents  induced  in  the  inducing  wire  itself,  and  the 
currents  induced  in  another  parallel  wire*  This  circumstance 
is  a  good  proof  that  the  two  species  of  currents  are  due  to  the 
same  cause,  and  that  they  differ  merely  as  to  the  place  in 
which  they  are  propagated. 

The  chemical  and  calorific  effects  that  may  be  produced  by 
means  of  these  induced  currents,  as  well  by  means  of  one  as 
of  the  others,  are  very  energetic  We  can  ignite  a  platinum 
wire,  and  can  even  obtain  a  small  luminous  arc  between  two 
points  of  coke.  With  regard  to  the  chemical  effects,  they 
are  very  decided  at  the  first  instants:  but  the  two  gasses 
liberated  alternately  at  the  two  wires  of  the  voltameter  very 
soon  recombine,  and  the  chemical  power  seems  in  appearance 
diminished. 

A  fifth  knob,  a,  placed  after  £  and  f,  communicates  with  a 
wire  which  comes  to  the  cup  B«  It  is  employed  for  the 
following  purpose ;  or,  what  amounts  to  the  same  thing,  the 
following  is  what  occurs,  when  it  is  united  by  a  conductor  to 
the  knob  £•  The  current  induced  in  the  inducing  wire,  which 
is  liberated  at  the  moment  of  the  breaking  of  the  circuit,  i^ 
found  by  this  combination  compelled  to  traverse  a  circuit 
formed  of  the  inducing  wire^  of  the  conductor  interppsed 
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between  E  and  G,  of  the  wire  that  goes  from  G  to  the  cup  B, 
of  the  voltaic  apparatus  that  connects  the  cup  B  with  the 
cup  A,  and  of  the  wire  that  goes  from  the  cup  A  to  the  in- 
ducing wire.  The  induced  current  is  moving  in  the  same 
direction  as  the  inducing  current,  namely,  as  the  current  of  the 
voltaic  apparatus,  so  that  the  conductor  placed  between  G  and 
E  is  traversed  at  once  by  two  currents,  namely,  the  induced 
current  and  the  voltaic  current.  There  results  from  this  an 
effect  which  is  more  than  the  sum  of  the  effects  of  the  two 
currents  when  separate ;  for  it  appears  that  the  passage  of  the 
induced  current  through  the  voltaic  apparatus  notably  in- 
creases the  powers  of  this  apparatus.  This  augmentation  is 
especially  sensible,  when  the  voltaic  apparatus  consists  of  a 
single  pair,  and  the  conductor  interposed  between  G  and  E 
is  a  voltameter.  We  then  see  the  current  of  one  pair,  in- 
capable of  itself  to  decompose  water,  produce,  with  the 
addition  of  its  own  induced  current,  a  very  energetic  chemical 
decomposition.  This  reinforcement  of  the  current  by  itself, 
which  I  discovered  in  1843,  led  me  to  give  the  name  of  electro^ 
chemical  condenser  to  the  apparatus,  by  means  of  which  I 
succeeded  in  obtaining  it 

This  apparatus  {Fi^,  148.)  presents  a  peculiarity  of  some 


Fig.  1 18. 

interest ;  it  is,  that  in  place  of  a  toothed  wheel,  or  a  clock- 
movement  with  needles  and  mercury,  it  contains,  for  render- 
ing the  current  discontinuous,  a  simple  elastic  metal  stem, 
provided  with  a  small  piece  of  iron,  placed  very  near  to  the 
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soft  iron  of  the  bobbin.  When  this  soft  iron  is  magnetised, 
the  small  piece  of  iron  is  attracted,  and  the  elastic  stem  to 
which  it  is  connected  is  raised ;  this  occasions  the  breaking 
of  the  inducing  circuit,  which,  in  order  to  arrive  at  the  wire 
of  the  bobbin,  must  traverse  the  stem,  and  pass  into  a  small 
metal  cup  filled  with  merctury,  or  simply  amalgamated,  on 
the  bottom  on  which  the  extremity  of  the  stem  rested.  This 
rupture  of  the  circuit  destroys  the  magnetisation  of  the  soft 
iron  of  the  bobbin ;  the  small  piece  being  no  longer  attracted^ 
the  elastic  stem  immediately  falls  back,  so  that  its  extremity 
rests  again  on  the  bottom  of  the  cup,  and  the  circuit  is  made 
again.  It  follows  from  this  that  the  current  is  interrupted  a 
greater  number  of  times,  according  as  it  is  more  intense ;  the 
rapidity  with  which  the  interruptions  succeed  each  other  de- 
pending on  the  power  of  the  ma^et 

Instead  of  having  a  distinct  apparatus,  we  may  adapt  this 
kind  of  rheotome  to  the  same  case  that  already  possesses  the 
two  others,  as  may  be  seen  by  Fig.  147.  A  small  capsule, 
placed  beneath  g,  and  communicating  with  one  of  the  ends  of 
the  inducing  wire,  receives  tlie  bended  extremity  of  an  elastic 
stem,  that  arrives  at  the  cup  a,  and,  passing  near  the  soft  iron 
of  the  bobbin,  is  furnished,  in  the  part  nearest  to  this  iron,  with 
the  small  piece,  which  is  also  of  iron,  and  which,  by  the  attrac- 
tion that  it  obeys,  raises  the  stem,  and  so  interrupts  the  circuit. 

Another  more  simple  apparatus,  also  constructed  by  M. 
Bonijol  {Fig,  149.),  presents,  under  another  form,  the  same 
system  of  rheotome.  We  interpose  in  the  circuit  of  the  in- 
ducing wire,  a  bent  but  fixed  stem,  ab,  and  an  elastic  plate,  CD. 
The  plate,  by  virtue  of  its  elasticity,  naturally  places  itself  in 
contact  with  the  extremity  of  the  stem :  the  two  surfaces  in 
contact  are  covered  with  a  platinum  disc,  in  order  to  avoid 
oxidation  and  the  rapid  destruction  of  the  metal.  It  is 
therefore  between  the  two  platinum  discs  that  the  contact 
occurs,  and  from  which  the  spark  darts,  if  there  is  one. 
The  elastic  plate  is  traversed  in  e  by  a  stem  that  may  be 
raised  or  lowered,  so  as  to  bring  its  extremity,  which  is  a 
horizontal  iron  disc,  at  a  proper  distance  from  the  soft  iron  of 
the  bobbin.     It  follows  from  this,  that  the  attraction  exercised 
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by  this  iron,  when  magnetised,  upon  the  soft  iron  disc,  compels 
the  plate  to  separate  itself  from  the  fixed  stem  A  B,  and  so  in- 


Fig,  149. 

terrupts  the  circuit,  which  is  immediately  re-established,  the 
magnetisation  ceasing  as  soon  as  it  is  broken.  The  second 
wire  which  arrives  at  F  and  at  G,  as  well  as  every  conductor 
interposed  between  P  and  G,  receives  the  induced  current 
The  poles  of  the  voltaic  apparatus  are  to  communicate,  one 
with  one  of  the  extremities  of  the  inducing  wire,  the  other 
with  the  extremity  c  of  the  elastic  plate ;  the  fixed  stem  A  B 
being  placed  in  direct  communication  at  K,  by  means  of  a 
conductor,  with  the  second  extremity  of  the  inducing  wire. 
In  this  manner,  the  circuit  is  closed  so  long  as  the  stem  and 
the  plate  remain  in  contact  at  D  B ;  it  is  open  as  soon  as  mag- 
netism has  separated  them. 

With  this  apparatus,  as  well  as  with  the  preceding  ones, 
we  are  able  to  obtain  the  induced  current  in  the  inducing  wire 
itself  by  placing  H  and  K  in  direct  commimication  by  the  inter- 
vention of  the  conductor,  in  which  we  desire  to  transmit  tliis 
induced  current.  We  may,  in  like  manner,  cause  the  in- 
duced currents  to  pass  through  the  voltaic  apparatus  itself  by 
placing  the  interposed  conductor,  which  is,  for  example,  a 
voltameter,  as  C  and  K  are  placed.  In  fact,  the  current 
induced  in  the  wire  H  K  is  obliged,  in  order  to  accomplish  its 
circuit  at  the  moment  when  the  communication  is  interrupted 
in  BD,  to  traverse  the  pair  from  h  to  c,  in  order  to  arrive 
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through  the  interposed  conductor  from  c  to  k,  where  it  finds 
the  second  end  of  the  wire  hk. 

The  same  apparatus  is  also  provided  at  h  and  N  with  a 
rheotome  with  an  elastic  plate  and  a  toothed  wheels  that  may 
be  employed  for  certain  experiments  in  which  the  self-acting 
rheotome  could  not  be  set  in  action,  or  would  not  be  conve- 
niently applicable.  This,  for  example,  would  be  the  case 
when  the  inducing  current  should  be  acting  without  the  inter- 
vention of  the  soft  iron  of  the  bobbin,  in  order  to  produce 
an  induced  current.  It  is  evident  that  we  must  here  have  a 
rheotome  that  has  its  mode  of  action  independent  of  mag- 
netisation. 

It  is  necessary,  when  we  make  use  of  this  rheotome,  to 
transfer  to  i  the  end  of  the  inducing  wire  that  was  formerly 
at  K;  because  it  is  at  i  that  the  conductor  arrives  which 
comes  from  the  elastic  plate  uitended  for  interrupting  the 
circuit,  by  leaping  from  one  tooth  to  the  other  of  the  wheel  N 
set  in  motion  by  the  handle.  There  are  in  H,  in  c,  and  I, 
and  in  K,  small  cavities  hollowed  in  the  wood  and  filled  with 
mercury,  in  order  to  facilitate  commimicatioiu 

The  soft  iron  placed  in  the  interior  of  the  bobbin  is  not  a 
single  cylinder,  but  a  bundle  of  small  cylinders  covered  with 
ail  insulating  varnish  of  wax. 

Such  are  the  principal  magneto-electric  machines  that  are 
generally  employed.  If  the  former  are  of  more  easy  and  of 
more  economical  employment,  since  they  require  only  an  or- 
dinary magnet,  the  latter,  which  require  at  least  the  voltaic 
current  of  a  single  pair  in  order  to  magnetise  the  soft  iron, 
possess  the  indisputable  advantage  of  being  much  more 
powerful  We  shall  see  that  each  of  them  may  confer  great 
services  on  electricity,  either  imder  purely  scientific  relations, 
or  in  relation  to  practical  applications. 

Before  terminating  this  subject,  let  us  add,  that  the  principle 
of  the  self-acting  rheotome  may  be  demonstrated  by  a  very 
simple  apparatus.  This  apparatus  possesses  the  additional 
advantage  of  being  applicable  to  any  electro- magnet,  so  as  to 
obtain  from  it  the  current  of  induction  produced  in  the  in- 
ducing wire  itself  (which  is  indispensable  in  this  case;  for 


Digitized  by 


Google 


CHAP.  V.  ELECTRO-DYNAMIC    INDUCTION.  389 

there  is  only  one  wire  around  the  electro-magnet).  This 
current,  being  obliged  to  traverse  the  pair  that  produces 
the  magnetisation,  becomes  capable  of  developing  electrical 
effects  which,  without  this  mode  of  the  intervention  of  the 
electro-magnet,  would  require  the  employment  of  several 
pairs.     The  apparatus  {Fig.  150.)  consists  of  a  horizontal  rod 


Fig.  150. 

movable  around  a  transverse  axis  ;  the  rod  carries  at  one  of  its 
extremities  a  soft  iron  disc,  which,  when  it  is  in  equilibrio, 
is  only  about  the  tenth  or  twentieth  of  an  inch  at  most  from 
the  polar  surface  of  the  electro-magnet ;  the  other  extremity 
is  in  contact,  by  its  bent  point,  with  the  bottom  of  an  amalga- 
mated capsule.  This  rod,  being  maintained  in  equilibrio  by 
a  counterpoise,  is  traversed  by  the  current  that  circiilates 
around  the  electro-magnet.  Immediately  this  circulation 
occurs,  the  electro-magnet  is  magnetised,  and,  the  iron  disc 
being  attracted,  the  rod  loses  its  horizontality ;  whence  it 
follows,  that  the  circuit  is  interrupted  at  the  point  where 
there  was  contact  between  the  capsule  and  the  bent  extremity. 
This  interruption  causing  the  magnetisation  to  cease,  the  rod 
recovers  its  horizontal  position,  the  current  immediately 
begins  to  circulate  again,  and  so  on.  According  to  the  ar- 
rangement of  the  conductors,  the  current  may  be  brought  to 
traverse  the  voltaic  pair  itself,  or  to  be  transmitted  directly, 
through  any  body  placed  in  its  route.  The  figure  represents 
it  traversing  the  voltaic  pair.  A  very  curious  fact  is,  that  if 
the  small  soft  iron  disc  is  placed  over  the  central  part  of  the 
polar  surface  of  the  electro-magnet,  there  is  no  attraction, 
however  powerful  the  electro-magnet  may  be.     In  order  that 
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attraction  may  take  place^  and^  consequently,  in  order  that 
the  instrument  may  work,  it  is  necessary  that  the  disc  be 
near  the  edges  of  the  polar  surface.  It  would  not  be  the 
same  if  the  soft  iron  disc,  instead  of  being  very  thin,  had  a 
thickness  of  a  ninth  or  tenth  of  an  inch  or  more.  This 
negative  result  is  therefore  evidently  due  to  the  fact,  that, 
when  it  is  very  thin  and  is  placed  symmetrically  in  respect 
to  the  magnetic  forces,  namely,  in  the  centre  of  the  polar 
surface,  a  small  plate  of  soft  iron  acquires  on  its  two  faces  two 
equal  and  contrary  polarities,  which  neutralise  all  exterior 
action,  however  powerful  it  may  be. 

Electro-Static  Effects  of  Electro-Dynamic  Inductioru 

After  having  explained  the  mode  of  producing  currents  of 
induction  and  their  principal  properties,  and  having  described 
the  machines,  by  means  of  which  they  may  be  developed  in  a 
powerful  and  continuous  manner,  it  remains  for  us  to  study 
various  remarkable  phenomena  presented  by  electro-dynamic 
induction.  Hitherto  we  have  confined  ourselves  to  esta- 
blishing this  fundamental  principle, — that  closed  currents  or 
magnets  develope  in  a  closed  circuit  two  instantaneous  in- 
duced currents :  the  first,  moving  in  a  direction  contrary  to 
the  inducing  current,  is  disengaged  at  the  moment  when  the 
inducing  and  the  induced  circuits  are  brought  near  to  each 
other ;  the  second,  moving  in  the  same  direction  as  the  in- 
ducing current,  is  disengaged  at  the  moment  when  the  two 
circuits  are  removed  away  from  each  other.  We  have  de- 
scribed the  different  methods  of  making  the  inducing  current 
or  the  magnet  act ;  we  have  demonstrated  that  motion  is  an  es- 
sential condition  of  this  kind  of  action ;  and  we  have  seen  how, 
by  varying  the  mode  of  motion  as  well  as  the  form  of  the  in- 
duced conductor,  we  are  able  to  obtain  discontinuous  currents 
all  moving  in  the  same  direction,  or  discontinuous  currents 
moving  alternately  in  contrary  directions.  Finally,  in  the 
production  of  induced  currents,  we  have  found  an  explanation 
of  magnetism  by  rotation.  This  first  general  glance  at  in- 
duction has  been  sufficient  to  enable  us  to  comprehend  the 
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description  and  the  theory  of  magneto-electric  machines.     But 
it  remains  for  us  now  to  examine  several  points  relative  to 
induction  itself,  which  we  have  barely  glanced  at,  or  have  not 
even  touched  upon.    Thus,  induction  by  currents  and  magnets 
not  only  gives  rise  to  dynamic  electricity,  but  produces  the 
electro-statical  effects  of  tension :  thus  induced  currents  may 
themselves  also  become  inducing  currents,  and  so  give  rise 
to  induced  currents  of  another  order ;  so,  also,  electric  dis- 
charges, such  as  those  of  a  Leyden  jar,  are  able  to  produce 
induced  discharges.     Finally,  many  circumstances, — length, 
form,  the  nature  of  the  induced  circuits,  the  interposition  be- 
tween them  of  certain  bodies,  exercise  an  important  influence 
over  the  results  of  induction.     The  properties  of  induced  cur- 
rents may  themselves  vary  with  these  circumstances,  and  with 
others  also ;  such,  in  particular,  as  the  introduction  into  or  the 
absence  from  the  interior  of  bodies  that  are  employed  for  the 
induction,  of  pieces  of  iron  of  different  forms  and  qualities, 
and  of  other  different  substances.     There  are  many  different 
points  of  view  under  which  it  remains  for  us  to  regard  the 
very  rich  subject  of  electro-dynamic  induction.     Under  the 
impossibility  in  which  we  are  placed,  of  giving  a  complete 
idea  of  the  labours  of  all  the  philosophers  that  have  been 
engaged  with  it,  as  Masson,  Breguet,  Henry,  Abria,  Mat- 
teucci,  Marianini,  Wartmann,  Ejiockenhauer,  Riess,  Yerdet, 
Dove,  Weber,  &c.,  we  shall  confine  ourselves  to  stating  sum- 
marily,  and  without    confining   ourselves   to  chronological 
order,  the  principal  results  of  their  researches. 

A  current  of  magnetic  induction  is  able  to  produce  sparks  at 
a  distance  in  the  airy  and  powerfully  to  charge  a  condenser :  con- 
sequently, a  current  of  induction  can  he  entirely  transformed  into 
static  electricity. 

This  is  the  important  principle  which  Faraday  had 
already  glanced  at,  but  which  MM.  Masson  and  Breguet 
have  verified  and  established  by  experiments  made  upon  a 
very  large  scale,  and  which  are  the  more  conclusive,  as  the 
source  electricity,  of  which  they  employed  for  producing 
the  induction,  was  a  current  or  a  magnet,  and  not  the  elec- 
tricity of  tension.     Two  wires,  each  711  yards  long,  and  well 
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insulated^  were  coiled  round  a  bobbin,  so  as  to  be  in  juxta- 
position to  each  other.  One  of  the  wires  was  placed  in  the 
circuit  of  a  pile ;  the  other  communicated,  by  its  two  extremi- 
ties, with  the  plates  of  a  condensing  electroscope.  Every 
time  the  inducing  circuit  was  interrupted  by  means  of  a  rheo- 
tome,  powerful  charges  of  electricity  were  given  to  the  con- 
denser, the  sign  of  which  was  in  accordance  with  the  direction 
of  the  current  that  would  have  been  obtained  in  a  galva- 
nometer. We  are  also  able  to  draw  sparks  from  the  plates 
of  the  condenser,  but  only  when  it  is  charged  with  the  in- 
duced current  at  the  moment  of  the  interruption ;  for  the  one 
that  is  induced  at  the  moment  of  the  establishment  of  the 
circuit  does  not  give  sparks,  and  charges  the  condenser  but 
feebly. 

In  order  to  obtain  the  signs  of  electric  tension,  it  is  not 
necessary  to  employ  the  two  ends  of  the  same  helix.  If  we 
have  two  helices,  one  of  1422  yards,  traversed  by  the  in- 
ducing current,  and  insulated  upon  a  cake  of  resin ;  the  other, 
of  711  yards,  placed  over  and  very  near  to  the  former,  and 
suspended  by  a  silk  thread  so  as  to  be  well  insulated,  we  ex- 
perience a  smart  shock  on  seizing  the  extremity  of  the  wire  of 
the  former  helix,  and  the  contrary  extremity  (namely,  that 
which  is  charged  with  a  contrary  electricity)  of  the  second. 
This  experiment  proves  that  tlie  two  wires  are,  at  the  moment 
of  the  interruption  of  the  circuit,  under  the  same  conditions 
as  are  two  charged  Leyden  jai's.  The  length  of  the  wire 
produces  almost  the  same  effect  of  insulation  as  a  glass  plate ; 
and  the  tension  observed  in  the  inducing  wire  arises  from 
the  extra-current,  or  the  current  induced  by  itself.  This 
extra-current  may  also  of  itself  alone  give,  with  the  1422-yard 
helix,  effects  as  powerful  as  the  induced  current.  It  has  even 
produced  very  bright  sparks  in  vacuo  between  two  brass 
balls,  placed  at  a  distance  of,  at  first,  nearly  y\yth  of  an  inch 
apart,  and  then  brought  to  |  inch,  without  the  light  ceasing 
to  4isappear.  In  this  experiment  the  ball  and  all  the  rod 
forming  the  positive  pole  of  the  extra-current  are  surrounded 
by  a  violet  atmosphere;  the  negative  ball  is  entirely  bare; 
but  between  the  two  balls  there  is  a  kind  of  reddish  flame,  of 
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"which  the  negative  ball  is  the  base ;  and  Arom  time  to  time 
there  are  perceptible  on  this  same  ball  a  multitude  of  small 
brilliant  points.  The  pile  by  which  the  inducing  current  was 
produced  was  simply  eight  pairs  of  DanielPs.  With  the 
induced  current  in  a  diiFerent  helix  from  that  in  which  the 
inducing  current  circulates,  we  obtain  luminous  effects  quite 
as  decided ;  which  proves  that  we  can  induce  a  current  in  an 
open  wire,  provided,  however,  that  its  two  extremities  are 
connected  by  a  conductor,  a  position  here  filled  by  the  vacuum. 
Furthermore,  the  properties  of  the  electric  light  that  is  ob- 
tained by  means  of  the  currents  of  induction,  entirely  resemble 
those  of  the  light,  that  is  liberated  in  electric  discharges. 

In  all  these  experiments,  MM.  Masson  and  Breguet  made 
use  of  a  toothed-wheel  rheotome  {Fig.  131.).  M.  Abria,  by 
means  of  an  almost  similar  rheotome,  and  of  which  we  give 
the  description  further  on,  obtained  luminous  effects,  which 
w^ere  also  very  decided ;  but  he  remarked  that  the  negative 
ball  or  point  is  surrounded  with  a  violet  atmosphere,  whilst 
the  positive  point  gives  out  a  reddish  flame,  which  elongates 
in  proportion  as  the  point  is  made  to  recede  from  the  ball, 
but  without  reacliing  to  this  latter,  so  that  there  exists  an 
obscure  interval  between  the  point  and  the  upper  part  of  this 
flame.  This  reddish  light  only  traverses  the  distance  between 
the  ball  and  the  point,  which  is  about  ^  or  ^  of  an  inch. 

Induction  by  induced  Currents. 

Mr.  Henry,  of  Princetown,  discovered  and  carefully  studied 
the  induction  of  a  current  upon  itself,  and  he  contrived  to  con- 
struct a  spiral  plate,  a  {Fig.  151.),  composed  of  a  metal  ribbon 
covered  with  silk,  which,  when  interposed  in  the  circuit  of  a 
very  feeble  current, — one  incapable  of  producing  the  slightest 
spark  of  itself,  gives  a  very  brilliant  one  at  the  moment  when 
the  circuit  is  broken;  an  effect  that  is  due  to  the  current 
induced  in  the  spiral  itself,  which  conducts  the  inducing 
current  This  same  spiral,  a,  produces  by  induction  in 
another,  J,  which  is  placed  over  it,  a  current  that  has  the 
power  of  producing  j)owerful  shocks  {Fig,  151.).     But  the 
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point  which   the   American    philosopher    most  particnlarlj 
studied^  is  the  development  of  currents  of  induction  by  the 


Fig,  151. 

induced  currents  themselves.  With  this  view,  he  made  use 
of  several  flat  spirals  {Fig.  152.)  above  and  very  near  to  the 
former  one,  a,  which  conducts  the  current  of  a  pile,  or  of  the 
first  order y  he  placed  a  second  and  similar  one  J,  the  two  ex- 


Fig,  152. 

tremities  of  which  are  connected  to  those  of  a  third,  c,  placed 
at  a  certain  distance ;  above  the  latter,  and  very  near  to  it,  is 
a  fourth,  <2,  the  extremities  of  which  are  in  like  manner  con- 
nected with  those  of  a  fifth,  e,  and  so  on.  At  the  moment 
when  we  interrupt  the  circuit  of  the  first  order,  which  is  cir- 
culating in  a,  there  is  in  6  an  induced  current  of  the  second 
order,  moving  in  the  same  direction  as  the  current  of  a ;  the 
current  of  b  traverses  c,  and  determines  in  d  a  current  of 
the  third  order,  moving  in  a  contrary  direction,  and  which, 
traversing  «,  determines  in  the  spiral  placed  beneath  it  a 
current  of  the  fourth  order,  still  moving  in  a  contrary  direc- 
tion to  its  own.  With  the  exception  of  tlie  first  induced 
current,  which  is  due  to  the  immediate  action  of  the  current 
of  the  piles,  all  the  other  induced  currents,  arising  fix)m  the 
action  of  the  induced  currents  themselves,  are  moving  in  a 
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contrary  direction  to  their  inducing  currents.  This  difference 
arises  from  the  fact  that,  as  an  induced  current  is  instantaneous, 
it  must,  when  it  acts  as  an  inducer,  determine  two  induced 
currents  almost  at  the  same  time,  one  in  the  opposite  direction 
to  its  own  at  the  moment  when  it  is  established,  the  other  in 
the  same  direction  at  the  moment  when  it  ceases.  We  see 
that  it  is  the  former  that  overcomes  the  latter  in  the  present 
case.  Moreover,  the  direction  of  these  different  induced 
currents  is  determined  by  the  interposition  in  their  circuit 
either  of  a  galvanometer-multiplier  or  of  the  chemical  volta- 
meter. However,  the  process  employed  in  preference  by 
Mr.  Henry  is  the  employment  of  a  magnetising  spiral  placed 
in  the  induced  circuit  of  any  order.  Fig.  152.  represents  one 
placed  in  the  circuit  of  the  current  of  the  fourth  order.  This 
spiral  indicates  the  direction  of  the  induced  currents  by  the 
direction  of  the  magnetisation  imparted  to  a  small  steel  needle 
placed  in  its  interior. 

M.  Abria,  in  a  very  remarkable  work  on  induction,  has 
completed  Henry's  researches,  principally  in  as  far  as  concerns 
induced  currents  of  different  orders,  and  the  influence  of 
several  circumstances  upon  the  intensity  and  the  direction  of 
induced  currents  in  general.  By  employing  the  method  of 
the  magnetisation  of  steel  needles,  and  by  extending  the  ex- 
periments as  far  as  currents  of  the  seventh  order,  he  first 
verified  that  for  the  succession  of  different  induced  currents, 
there  is  the  foUowing  series,  when  the  induction  is  produced 
by  breaking  the  circuit.  The  current  of  the  first  order  is  the 
voltaic  current  itself  at  the  moment  when  it  is  broken ;  and 
the  change  of  sign  indicates  the  change  in  the  direction  of  the 
current 

Current  of  the  pile,  or  of  the  first  order        -  -   + 

Current  induced  by  the  rupture  of  the  preceding,  or 

of  the  second  order  -  -  -  -  + 

Current  induced  by  the  rupture  of  the  preceding,  or 

of  the  third  order  -  -  -  -  -- 

Current  induced  by  the  rupture  of  the  preceding,  or 

of  the  fourth  order  -  -  -  -   4- 
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Current  induced  by  the  rupture  of  the  preceding,  or 
of  the  fifth  order  -  -  -  -  — 

The  same  phenomena  occur  at  the  moment  when  the  voltaic 
circuit  is  formed,  instead  of  being  opened ;  but  as  the  current 
of  the  second  order  is  then  in  an  opposite  direction  to  that  of 
the  inducing  current,  the  changes  of  sign  occur,  setting  out 
from  the  current  of  the  second  order,  and  we  have  the  follow- 
ing series :  — 

Current  of  the  pile,  or  of  the  first  order        -  -   + 

Current  induced  at  the  moment  when  the  preceding 

is  established,  or  of  the  second  order         -  -   — 

Current  induced  at  the  moment  when  the  preceding 

is  established,  or  of  the  third  order  -  -   -f- 

Current  induced  at  the  moment  when  the  preceding 

is  established,  or  of  the  fourth  order  -  -  — 

Current  induced  at  the  moment  when  the  preceding 

is  established,  or  of  the  fifth  order  -  -  + 

We  have  distinguished  the  induced  currents  of  different 
orders  of  the  two  series,  by  saying  that  each  of  those  of  the 
former  is  produced  by  the  rupture  of  the  preceding  one, 
and  each  of  the  latter  by  its  establishment  But  these  currents, 
except  that  of  the  first  order,  being  all  instantaneous,  it  is  in 
fact  impossible  to  distinguish  their  establishment  firom  their 
rupture,  or,  to  speak  more  correctly,  we  should  confine  our- 
selves to  saying  that  instantaneous  currents  develope  by 
induction  currents  also  instantaneous  in  a  contrary  direction 
to  their  own ;  whilst  currents  that  have  a  sensible  duration 
develope  currents,  whose  direction  is  contrary  to  their  own, 
at  the  moment  when  the  action  commences,  and  is  the  same 
when  it  ceases. 

The  production  of  these  induced  currents  of  difierent 
orders,  very  well  explains  the  diminution  experienced  by  in- 
duction when  a  closed  spiral,  namely,  one  in  which  the  two 
ends  are  metallically  united,  is  brought  near  to  the  inducing 
spiral.  We  must  merely  consider  that  we  have  then  two 
closed  spirals  placed  in  the  vicinity  of  the  same  inducing 
spiral,  namely,  the  spiral  primarily  subjected  to  experiment. 
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and  the  new  spiral  that  is  brought  near  to  it.  The  currents 
induced  in  each  of  them,  by  the  direct  action  of  the  inducing 
spiral,  are  in  the  same  direction;  but  each  determines  in 
the  other  a  current  of  the  third  order,  and  we  thus  perceive, 
as  experiment  demonstrates,  why  the  effect  of  induction  is  less 
than  if  the  additional  spiral  did  not  exist ;  for  this  current  of 
the  third  order  has  a  contrary  direction  to  that  of  the  second 
order,  and  consequently  diminishes  in  each  spiral  the  intensity 
of  this  current. 

M.  Abria  occupied  himself  greatly  in  the  study  of  the 
mutual  reaction  that  spirals  thus  exercise  over  each  other; 
and  he  also  discovered  that  the  diminution  produced  in  each  in- 
duced spiral,  by  the  inducing  effect  of  the  current  of  the  other, 
depends  not  only  upon  the  intensity  of  this  latter,  but  also  on 
other  circumstances,  such  as  their  position  either  in  relation 
to  the  inducing  system  or  in  relation  to  each  other.  But,  of 
all  the  results  obtained  by  M.  Abria,  the  most  important, 
inasmuch  as  we  are  able  to  deduce  from  it  the  explanation  of 
the  alternate  direction  of  the  currents  of  different  orders,  and 
that  of  the  variable  effects  of  the  additional  spirals,  is  the 
difference  that  he  succeeded  in  establishing  between  the  direct 
and  the  inverse  induced  currents  with  regard  to  their  faculty 
of  being  transmitted  through  a  given  circuit,  notwithstand- 
ing that  these  currents  are  equal.  With  this  view,  he 
studied  the  currents  of  induction,  not  only  with  the  galva- 
nometer, but  by  means  of  their  physiological,  their  calorific, 
and  their  chemical  effects.  For  these  last  two  kinds  of  effects, 
and,  in  certain  cases  also,  for  galvanometric  effects,  he  made 
use  of  an  apparatus  which  could  give  him  a  series  of  induced 
currents,  either  direct,  that  is  to  say,  corresponding  to  the 
rupture  of  the  voltaic  circuit,  or  inverse,  that  is  to  say, 
which  are  developed  when  forming  this  same  circuit 

This  apparatus  is  composed  of  two  toothed  wheels,  with 
brass  and  wooden  teeth,  and  mounted  upon  the  same  axis,  but 
insulated.  The  central  part  of  each  wheel  communicates  with 
a  steel  spring,  and  the  surface  with  a  brass  spring.  The  two 
wheels  are  able  to  turn  tightly  and  independently  of  each 
other  upon  a  common  axis;  they  are,  moreover,  perfectly 
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equal ;  and  we  can  understand  that,  if  the  steel  and  the  brass 
springs  of  one  of  them  are  made  to  communicate  with  the 
extremities  of  the  induced  circuit,  it  is  easy  to  arrange  the 
two  wheels  so  that  the  brass  spring  of  the  second  falls  upon  a 
wooden  tooth  at  the  establishment  of  the  voltaic  current,  and 
upon  a  metal  one  at  its  rupture.  We  then  obtain  in  the  in- 
duced circuit  a  series  of  currents  all  in  the  same  direction, 
developed  by  the  rupture  of  the  voltaic  current  We  can 
also  arrange  the  two  wheels  so  as  to  obtain  in  the  secondary 
circuit  a  series  of  induced  currents,  all  in  the  same  direction, 
developed  by  the  establishment  of  the  principal  current  I 
have  described  (Fig.  130.)  an  apparatus  which,  by  means  of 
two  systems  of  two  needles,  each  one  of  which  forms  part  of 
the  inducing  circuit,  and  the  other  of  the  induced  circuit,  can 
produce  the  same  effect,  if  we  take  care  so  to  arrange  it  that 
the  two  needles  of  the  induced  circuit  do  not  plunge  into  the 
mercury  when  those  of  the  inducing  current  come  out  of  the 
mercury,  and  consequently  thus  occasion  the  rupture  of  this 
current  We  have  then  a  series  of  direct  currents.  We  can 
also  procure  a  series  of  inverse  currents  by  arranging  the 
needles  so  as  to  collect  the  induced  currents  that  occur  at  the 
moment  of  establishing  the  inducing  circuit,  and  avoiding 
those  that  occur  at  its  rupture. 

Fig,  153.  represents  a  commutator,  founded  upon  a  prin- 


Fip.  153. 

ciple  analogous  to  that  of  M.  Abria,  only  it  possesses  the 
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advantage  of  being  applicable  to  a  greater  number  of  possible 
combinations.  M.  Wartmann  was  the  first  who  constructed 
it  It  is  composed  of  three  metal  wheels^  which  present  at 
their  circumference  twelve  hoUows  filled  by  inlayings  of  hard 
wood.  They  are  placed  upon  the  same  brass  axis,  which 
rotates  easily.  A  spring,  that  constantly  rests  upon  this  axis, 
communicates  by  this  means  with  the  most  distant  wheel ;  the 
other  two  wheels  do  not  communicate  metallically  with  the 
axis  from  which  they  are  separated  by  an  ivory  ring,  covered 
exteriorly  with  a  brass  cylinder  against  which  a  spring  rests, 
so  that  there  are  three  springs  pressing  against  the  axis,  of 
which  one  alone  communicates  metallically  with  one  of  the 
wheels :  these  three  springs  can  be  placed  in  metallic  com- 
munication with  each  other.  Finally,  six  springs  made  of 
hard  copper  plate,  and  fixed  by  screws  to  the  stand  of  the  in- 
strument, rest  by  their  free  extremity  against  the  circum- 
ference of  each  of  the  wheels.  We  can  at  pleasure  reduce 
the  apparatus  to  two  wheels  when  we  desire  to  have  but  one 
of  the  induced  currents,  and  to  one  alone  when  we  desire  to 
confine  ourselves  to  rendering  a  voltaic  current  intermittent 
We  must  be  able  to  change  the  place  of  the  contact  of  the 
springs  that  rest  against  the  circumferences  of  the  wheels,  and 
to  change  the  position  of  one  of  the  wheels  upon  the  axis  in 
respect  to  the  others.  We  have  also  the  power  of  collecting 
either  of  the  induced  currents,  and  even,  by  employing  the  first 
wheel,  to  render  the  current  intermittent,  and  eadi  of  the 
,  other  two  to  collect  each  of  the  two  induced  currents,  we  may 
succeed  in  procmring  the  series  of  induced  currents,  all  tra- 
velling in  the  same  direction.  For  this  purpose,  we  have 
merely  suitably  to  arrange  the  conductors  that  serve  to  unite 
together  the  difierent  elastic  plates,  that  are  resting  against 
the  circumferences  of  the  wheels,  and  the  springs  t^at  press 
against  the  axis. 

It  follows  from  all  the  observations  made  by  M.  Abria 

'  with  a  series  of  induced  currents,  that  the  consequences  to 

which  he  had  arrived  by  studying  the  currents  of  induction 

by  the  method  of  magnetisation  are  found  to  be  verified,  in  as 

far  as  the  general  order  of  the  results  are  concerned,  by  the 
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study  of  their  calorific,  their  chemical,  or  their  physiological 
efiects.  Were  we  indeed  able  to  measure  accurately  these 
latter  effects,  it  is  probable  that  we  should  obtain  concordant 
values  with  tliose  that  are  furnished  by  the  other  methods. 
With  regard  to  the  galvanometric  effects,  they  differ  from 
the  others  in  that  they  are  equal  in  a  secondary  circuit, 
whether  they  correspond  to  the  rupture  or  to  the  establish- 
ment of  the  circuit ;  whilst  it  is  not  the  same  with  the  other 
different  effects,  which  are,  on  the  contrary,  unequal  imder  the 
same  circumstances.  In  like  manner,  these  latter  are  in- 
fluenced by  the  action  of  metal  spirals  or  plates,  whilst  the 
former  are  not  so.  Finally,  the  deviations  of  the  needle  are 
scarcely  sensible  when  the  galvanometer  forms  part  of  a 
circuit  of  a  superior  order  to  the  second.  But,  if  we  pass 
through  the  galvanometer,  the  two  series  of  induced  currents, 
moving  alternately  in  contrary  directions  by  means  of  the 
toothed  wheel,  and  no  longer,  so  that  the  circuit  is  constantly 
closed,  the  needle  generally  indicates  by  the  direction  of  its 
deviation,  a  single  series  of  currents,  that  of  direct  currents. 
However,  we  see  plainly,  by  the  occasionally  uncertain  move- 
ments of  the  needle,  that  the  inverse  currents  also  traverse, 
alternately  with  the  direct  ones^  the  wires  of  the  galvanometer ; 
but  these  currents  experience  an  unequal  resistance  in  passing 
from  the  springs  to  the  brass  wheel,  and  the  galvanometer 
indicates  the  series  of  currents  that  have  undergone  the  least 
reduction,  or  which  have  the  highest  tension.  Sometimes  the 
inverse  currents  have  the  mastery,  but,  after  a  few  moments, 
the  needle  of  the  galvanometer  passes  to  the  other  side,  and 
indicates  the  presence  of  the  direct  current.  It  follows  from 
this,  that  the  two  successive  currents  that  are  manifested  in  an 
induced  circuit  of  the  second  order  are  really  equal,  as  indeed 
experiment  shows,  when  the  circuit  is  uniform ;  but,  as  soon 
as  it  ceases  to  be  completely  uniform,  the  direct  current  pre- 
dominates, being  better  able  to  traverse  a  non-uniform  circuit, 
than  is  the  inverse  current  Now  this  is  what  occurs  in  phy- 
siological, calorific,  and  chemical  effects,  and  even  with  the 
galvanometer,  but  only  in  the  case  when  the  toothed  wheel  is 
in  the  circuit. 
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With  regard  to  currents  of  higher  orders,  it  is  very  pro- 
bable by  analogy  that  they  consist,  the  third  of  two  contrary 
currents  corresponding  to  a  current  of  the  second  order,  the 
fourth  of  four  currents  corresponding  to  the  two  of  the  third 
order,  and  so  on ;  since  each  current  must  always  induce  two 
others  in  opposite  directions  in  a  neighbouring  conductor.  All 
these  currents  have  a  very  brief  duration ;  those  of  the  first 
order  must  be  equal  to  each  other,  but  must  differ,  as  do 
those  of  the  second,  by  their  facility  of  being  transmitted  in  a 
circuit  not  perfectly  continuous.  In  fact,  if  we  place  a  gal- 
vanometer in  a  continuous  circuit  of  the  third  order,  and  allow 
only  direct  secondary  currents  to  act  upon  the  spiral,  by 
placing  the  toothed-wheel  in  the  secondary  circuit,  we  obtain 
a  series  of  tertiary  currents  —+;  —  +;  —  +;  the  needle 
of  the  galvanometer  indicates  the  equality  of  these  opposite 
currents,  by  placing  itself  indifferently  on  the  right  or  on  the 
left  of  zero,  or  at  zero  itself.  It  is  the  same  when  we  act 
with  inverse  secondary  currents.  But  if  we  place  the  toothed- 
wheel  in  the  tertiary  circuit,  the  galvanometer  detects  the 
presence  of  a  single  current  only,  instead  of  indicating  that  of 
two  contrary  currents,  as  in  the  preceding  case.  When,  for 
example,  we  collect  tlie  tertiary  currents  developed  by  the 
rupture  of  the  primary  circuit,  the  needle  indicates  the  series 

of  currents ;  the  series  of  cun*ents   H-  +  +  being 

more  reduced  than  the  other,  in  passing  from  the  spring  to 
the  wheel.  It  is  the  reverse  when  we  collect  the  tertiary  cur- 
rents developed  by  the  establishment  of  the  primary  circuit 

To  sum  up: — a  primary  current  developes  two  induced 
secondary  currents  in  contrary  directions,  one  at  its  establish- 
ment, the  other  at  its  rupture:  these  two  currents  may  be 
separated  by  an  interval  of  time ;  they  are  equal,  but  have 
not  the  same  tension,  that  is  to  say,  the  same  facility  of 
traversing  imperfect  or  discontinuous  conductors.  Each  se- 
condary current  is  able  to  determine  two  opposite  tertiary 
currents,  but  separated  by  an  interval  of  time  of  inappreciable 
duration,  seeing  that  the  secondary  current  is  itself  instanta- 
neous. These  two  tertiary  currents  are  equal,  but  they  like- 
vise  have  not  the  same  tension.     Each  tertiary  current  is  in 
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like  manner  able  to  determine  two  equal  quartemary  currents, 
but  also  of  different  tensions;  at  each  secondary  current, 
namely,  at  the  rupture  or  establishment  of  the  primary 
current,  there  correspond  therefore  four  quarternary  currents, 
produced  by  the  two  tertiary  ones.  If  all  these  induced 
currents,  that  are  separated  by  infinitely  short  intervals  of 
time,  had  the  same  tension  as  well  as  being  equal ;  or,  rather, 
if  they  had  to  traverse  only  perfectly  uniform  circuits,  they 
would  all  mutually  neutralise  each  other,  and  no  effect  would 
be  manifested.  But  this  is  not  the  case,  on  which  account  it 
is  that  there  is  a  production  of  phenomena,  due  to  the  supe- 
riority of  tension  of  the  currents  moving  in  one  direction  over 
those  moving  in  the  other. 

This  is  the  most  plausible  explanation  that  can  be  given  of 
the  currents  of  different  orders :  we  shall  see  that  it  is  found 
to  be  confirmed  by  the  study  of  the  phenomena  of  induction, 
produced  not  merely  by  the  currents  themselves,  but  by  the 
electrical  discharges,  to  which  we  are  about  to  turn  our 
attention.  But  first,  I  ought  again  to  mention  certain  laws 
relative  to  induced  currents,  discovered  by  M.  Wartmann, 
who  has  been  much  engaged  upon  this  subject.  This  philo- 
sopher has  shown  that,  for  lengths  of  additional  wire  increasing 
in  geometric  progression^  the  intensities  of  the  induced  current 
measured  by  the  galvanometer  diminish  in  arithmetical  pro^ 
gression,  as  well  when  the  induced  circuit  is  opened^  as  when  it 
is  closed,  It  follows,  as  a  matter  of  course,  that  the  length  of 
the  induced  wire  was  constant,  and  it  was  that  of  the  inducing 
wire  that  was  variable.  M.  Wartmann  multiplied  the  ex- 
periments by  subjecting  a  constant  wire  to  the  action  of  two 
inducing  wires,  both  variable  or  constant,  or  one  variable 
and  the  other  constant :  he  obtained  results  in  relation  with  the 
preceding,  and  to  which  we  shall  return  when  we  are  engaged 
on  electric  conductibility,  upon  which  they  essentially  depend. 
The  same  philosopher  further  showed,  that  the  presence  of  a 
voltaic  current  in  the  induced  wire  in  no  way  modifies  the 
effect  of  induction,  any  more  than  does  the  absence  of  at- 
mospheric pressure. 
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f 

EUctro^ynamic  Induction  produced  by  Electric  Discliarges. 

f  Electro-dynamic  inductioD  was  not  at  first  obtained^  except 

p  by  employing  eledtric  corrents.     But  on  seeing  that  instanta- 

,  neous  currents  might  themselves  produce  induced  currents, 

g  Henry  conceived  that  electric  discharges,  such  as  that  from  a 

{  Leyden  jar,  might  also  develope  them.    He  succeeded  indeed, 

but  it  was  by  taking  many  precautions,  to  insulate  the  wires 


B 


I  of  the  spirals  from  each  other,  by  means  of  silk  and  gum-lac, 

and  to  separate  the  induced  spiral  from  the  inducing  spiral  by 
means  of  glass.  Moreover,  by  operating  with  spirals,  arranged 
as  in  the  experiments  made  with  voltaic  currents,  he  obtained 
induced  currents  of  different  orders,  and  having  the  same 
direction  in  respect  to  each  other  as  they  have  when  it  is  the 
current  of  the  pile  that  produces  the  primitive  induction.  In 
the  case  of  induction  produced  by  means  of  discharges,  there 
occurs  a  fact  that  we  have  already  pointed  out  in  the  in- 
duction produced  by  induced  currents:  it  is  the  influence 
exercised  by  a  conducting  plate  on  a  closed  spiral  interposed 
between  the  inducing  and  the  induced  spiral.  The  current 
induced  in  this  plate  or  spiral  being  of  the  second  order, 
developes  in  the  spiral  subjected  to  induction  an  induced 
current  of  the  third  order,  and  consequently  contrary  to  that 
which  is  determined  in  it  by  the  direct  action  of  the  inducing 
current ;  there  occurs,  therefore,  to  the  latter  either  its  an- 
nihilation or  a  great  reduction.  This  important  observation 
explains  how  it  was  that  M.  Savary  modified  or  even  some- 
times entirely  annihilated  the  magnetising  power  of  discharges, 
by  placing  the  needles,  upon  which  they  were  exercised, 
within  envelopes,  or  in  the  vicinity  of  metal  plates  that  be- 
come the  seat  of  currents  of  induction,  the  action  of  which 
tended  to  annihilate  or  at  least  greatly  to  diminish  the  direct 
action  of  the  principal  discharge.  M.  Abria,  by  employing 
currents  instead  of  discharges  for  producing  magnetisation, 
had  found  on  the  contraty  that  the  influence  of  metal  en- 
velopes was  altogether  null;  an  observation  entirely  in  ac- 
cordance with  that  of  Henry,  who  remarked  that,  when 
currents  are  employed  instead  of  discharges  for  producing 
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induction,  the  envelopes  are  without  influence ;  at  least  when 
not  referring  to  induction  produced  by  induced  currents  them- 
selves, which  then  conduct  themselves  like  discharges,  as  we 
have  seen  above :  but  it  is  not  with  currents  of  this  kind,  but 
with  ordinary  voltaic  currents,  that  M.  Abria  was  operating. 

But,  without  stopping  at  these  details,  we  must  enter  in  a 
more  direct  manner  into  the  study  of  the  phenomena  that 
occur  in  induction  produced  by  electric  discharges.  The 
question  that  presents  itself  is  the  same  as  the  one  we  have 
dready  entered  upon,  when  engaged  in  induction  produced 
by  electric  currents :  it  is  to  know  what  the  nature  is  of  the 
electric  motion  that  constitutes  the  induced  discharge.  Is  it 
a  simple  movement,  analogous  to  that  which  constitutes  the 
inducing  discharge  itself?  Is  it  rather  the  succession  of  two 
discharges  induced  in  opiX)site  directions,  one  occurring  when 
the  inducing  charge  commences,  the  other  when  it  ceases, 
and  separated  consequently  by  an  interval  of  an  inappreciable 
duration  ?  It  is  clear  that,  under  the  supposition  that  we  have 
already  enunciated,  when  we  were  explaining  the  induced  cur- 
rents of  different  orders,  it  is  necessary,  in  order  that  the  effect 
shall  not  be  null,  that  the  two  induced  discharges  should 
not  be  of  the  same  intensity ;  for,  but  for  this,  they  would 
neutralise  each  other.  The  solution  of  this  question  is  not 
easy ;  and  we  are  about  to  study  it,  by  passing  rapidly  over 
the  works  of  different  philosophers  upon  this  subject 

M.  Aim^  was  one  of  the  first  to  perceive  the  existence  of 
the  induced  discharge,  by  fixing  on  the  two  faces  of  a  glass 
plate  several  bands  of  tin-foil,  so  as  to  form  two  parallel  and 
discontinuous  metallic  circuits.  At  the  moment  when  he  made 
the  discharge  of  a  Leyden  jar  pass  through  one  of  these 
circuits,  sparks  passed  in  all  the  solutions  of  continuity  of 
the  second  circuit  Mr.  Henry,  by  operating  also  with  two 
parallel  bands  of  tin-foil,  had  perceived,  by  means  of  the 
magnetisation  of  steel  needles,  the  induced  discharge  change 
in  direction, — an  effect  that  he  had  at  first  attributed  to  the 
difference  of  distance  between  the  inducing  and  the  induced 
circuit ;  but  which  he  endeavoured  to  explain  more  recently, 
by  admitting  that  an  electric  discharge  determines  several 
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induced  discharges  in  contrary  directions,  the  diflPerences  of 
•whose  intensity  vary  with  the  absolute  intensity  of  the  in- 
ducing discharge.  He  observed  on  this  occasion  a  remarkable 
fact,  which  is,  that  a  simple  spark,  about  an  inch  in  length, 
coming  firom  the  prime  conductor  of  a  machine,  and  received 
at  the  extremity  of  a  metal  circuit  placed  in  a  room,  may 
produce  a  sufficiently  powerfol  induction  to  magnetise  needles, 
placed  near  a  circuit  parallel  to  the  first,  situated  in  a  cellar 
at  thirty  feet  distance.  However,  neither  of  the  two  philo- 
sophers tliat  we  have  named  have  solved  the  question  that  we 
have  laid  down. 

M.  Marianini  had  endeavoured  to  solve  it  by  means  of  the 
magnetisation  of  soft  iron,  substituted  for  the  magnetisation  of 
steel  needles.  He  made  use  of  the  following  apparatus.  A 
sewing  needle  feebly  magnetised  is  suspended  to  a  very  fine 
silk  thread,  so  as  to  remain  horizontal.  Beneath  it,  and  upon 
a  horizontal  wooden  plane,  is  fixed  a  small  cylinder  of  iron, 
about  three  quarters  of  an  inch  longer  than  the  needle,  and 
surrounded  along  its  whole  length  by  a  helix  of  copper  wire, 
covered  with  silk.  This  cylinder  is  arranged  perpendicularly 
to  the  needle,  when  the  latter  is  in  equilibrium.  From  this 
arrangement  it  is  evident  that  if,  by  any  cause,  and  in  par- 
ticular by  a  current  circulating  through  the  wire,  the  cylinder 
should  acquire  magnetic  polarities,  the  needle,  being  urged  by 
forces  all  acting  in  the  same  direction,  will  be  deviated  more 
or  less  fi:om  its  normal  position,  according  to  the  energy  of  the 
acting  cause.  Many  experiments  having  proved  to  Marianini 
that  his  instrument  might  also  be  employed  to  render  sensible 
electro-magnetic  currents,  and  currents  produced  by  ordinary 
electricity,  he  called  it  a  re-electrometer.  After  a  detailed 
study  of  induction  produced  by  means  of  electric  discharges, 
which  he  termed  Leydo-electric  induction,  M.  Marianini  ar- 
rived at  results,  some  of  which,  such  as  those  relating  to 
induction  of  difierent  orders,  had  already  been  obtained  by 
Henry ;  and  of  which  others  belong  to  him  exclusively.  The 
following  are  the  most  important :  — 

In  general,  the  induced  discharge  has  the  same  direction 
as  the  inducing  discharge,  every  time  the  Leyden  jar  is  of 
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tolerable capacity  and  is  well  charged;  but,  if  the  tension  of 
the  discharge  diminishes,  the  dimensions  of  the  jar  remaining 
the  same,  or  if  the  dimensions  increase,  the  tension  not 
changing,  then  the  induced  discharge  has  an  opposite  direction 
to  that  of  the  inducing  discharge.  We  may  also,  with  the 
same  Leyden  jar,  produce  the  same  change  that  is  brought 
about  by  the  diminution  of  the  dimension  of  the  jar,  or  that 
of  its  charge,  by  altering  the  conducting  property  of  the 
inducing  circuit;  an  alteration  that  is  produced,  either  by 
greatly  elongating  the  wire  of  which  this  circuit  is  formed,  or 
by  interposing  in  it  liquid  conductors.  The  learned  Italian 
endeavoured  to  explain  these  results  by  distinguishing  the 
induced  current  arising  from  the  invasion  of  the  discharge  of 
the  jar,  from  that  arising  from  the  cessation  of  this  discharge ; 
and  by  admitting  that  the  definitive  induction  is  always  the 
result  of  the  difference  between  the  effect  that  would  be 
produced  by  the  invasion  alone,  and  that  which  would  be 
produced  by  the  cessation  of  the  current  alone.  But  why  do 
the  dimensions  of  the  jar,  its  degree  of  tension,  the  greater  or 
less  degree  of  conductibility  of  the  inducing  circuit,  determine 
a  greater  rapidity  for  the  invasion  or  for  the  cessation  ?  In 
other  words,  why  do  these  circumstances  cause  that  the  in- 
duction, brought  about  by  the  commencing  discharge,  shall 
outmeasure  that  brought  about  by  the  finishing  discharge? 
This  is  the  important  point,  which  does  not  appear  to  us 
to  be  sufficiently  cleared  up  by  the  researches  of  M.  Marianini. 
We  merely  see  that  the  causes  that  tend  to  diminish  the 
rapidity  of  the  discharge,  tend  to  render  predominant  the 
inverse  induction  that  occurs  at  the  moment  of  its  cessation. 

M.  Matteucci,  after  having  at  first  employed  the  mag- 
netisation of  steel  needles,  as  Henry  did,  afterwards  made  use 
of  the  galvanometer ;  and  he  foimd,  contrary  to  what  he  had 
at  first  believed,  that  the  distance  between  the  inducing  circuit 
and  the  induced  circuit  in  no  degree  influences  the  effect  of 
the  induction,  but  merely  its  intensity.  He  had  seen  that 
this  intensity  depends,  not  only  upon  the  distance,  but  upon 
the  charge  of  the  battery;  and  that  the  direction  of  the 
induced  discharge  is  always  the  same  as  that  of  the  inducing 
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discharge^  if  at  least  the  induced  circuit  is  continuous ;  for  if 
it  is  interrupted,  and  a  spark  passes  at  the  place  where  there 
is  a  rupture,  the  induced  discharge  is  then  the  inverse  of  the 
inducing.     M.  Matteucci  also  arranged  several  spirals,  one 
after  the  other,  in  order  to  have  inductive  currents  of  different 
orders.     He  constantly  found  that,  when  the  induced  dis- 
charge becomes  inducing,  the  discharge  that  it  produces  is 
the  inverse  of  its  own.     But  things  change  also  if  there  is 
production  of  a  spark  in  one  or  other  of  the  circuits.   In  order, 
in  this  case,  to  determine  properly  the  direction  of  the  dis- 
charge, which  is  indicated  but  indifferently  by  the  galvano-p 
meter,  as  it  is  itself  but  little  influenced,  M.  Matteucci  em- 
ployed a  process  founded  upon  the  experiment  of  the  pierced 
card,  in  which  the  hole  made  by  the  spark  on  a  piece  of 
paper  or  a  card  is   always   near  the  point  by  which  the 
negative   electricity  arrives:   it   is  necessary  that  the  two 
metal  points  be  on  different  sides  of  the  paper,  and  at  a 
certain  distance  ifrom  each  other,  which  distance,  in  the  ex- 
periments in  question,  was  about  yV^^'     ^7  means  of  this 
process,  combined  with  the  employment  of  the  galvanometer, 
M.  Matteucci  found  that  induction  by  the  discharge  of  the 
jar  is  subject  to  the  following  law,  namely,  that  when  the 
inducing  circuit  and  the  induced  circuit  are  both  closed,  the 
induced  discharge  is  determined  in  a  direction  contrary  to 
that  of  the  inducing ;  that  the  same  is  the  case  if  they  are 
both  open,  so  that  there  is  a  spark ;  but,  if  one  of  the  two 
circuits,  no  matter  which,  whether  the  inducing  or  the  in* 
duced,  is  closed,  and  the  other  opened,  so  that  there  is  a  spark, 
the  induced  discharge  is  constantly  determined  in  the  same 
direction  as  the  inducing.      The  direction  of  the  discharges 
or  the  instantaneous  currents  is  indicated,  when  the  circuit  is 
open,  by  the  position  of  the  hole  made  by  the  spark  in  the 
paper ;  and  when  it  is  closed,  by  the  movement  of  the  galva- 
nometer. 

M.  Riess  employed  the  condenser  to  determine  the  direction 
of  the  induced  discharge  by  putting  the  extremities  of  the 
conductor,  in  which  the  induction  is  brought  about,  in  com- 
munication one  with  the  uppel",  and  the  other  with  the  lower 
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]>late.  But,  in  order  thoroughly  to  study  the  mode  of  propa- 
gation of  the  induced  discharge,  M.  Riess  put  in  place  of  the 
conductor  a  metal  disc  covered  with  a  thin  coat  of  resin  upon 
its  two  faces ;  the  two  extremities  of  the  induced  wire  airived 
at  two  metal  points,  between  which  was  placed  the  disc,  on 
the  surfaces  of  which  the  two  electricities  were  diffiised.  The 
mixture  of  powdered  sulphur  and  minium  that  is  employed 
for  producing  the  Lichtenberg  figures  is  then  projected  suc- 
cessively upon  each  surface ;  and,  after  numerous  and  varied 
trials,  we  succeed  in  recognising  a  very  constant  relation 
between  the  arrangement  and  the  form  of  the  spots  left  by  the 
sulphur  and  red  lead,  and  the  direction  of  the  induced  dis- 
charge ;  a  direction  which  the  German  philosopher  found  to 
be  altogether  independent  of  the  intensity  of  the  inducing  dis- 
charge, of  the  distance  of  the  induced  wire  from  the  inducing 
wire,  and  of  the  conductibility  of  either  of  the  circuits. 
After  having  satisfactorily  determined  the  constancy  of  the 
direction  from  the  arrangement  assumed  by  the  mixture  of 
the  two  powders,  it  was  necessary  to  determine  its  directum. 
For  this  purpose,  the  employment  of  the  condenser  became 
necessary,  and  it  was  found  that  this  direction  was  the  same 
as  that  of  the  inducing  discharge.  However,  M.  Riess  after- 
wards discovered,  by  fresh  experiments,  that  his  conclusion 
was  too  absolute,  and  that,  although  the  arrangement  of  the 
spots  indicates  well  enough  that  the  nature  of  the  electric 
movement,  of  which  the  induced  wire  is  the  seat,  remains  con- 
stantly the  same,  it  does  not  always  happen,  atthough  it  is  by 
far  the  most  frequent  case,  that  this  movement  produces  the 
same  effects  as  a  single  discharge  would  produce,  sent  in  the 
same  direction  as  the  inducing  discharge. 

We  shall  not  detain  ourselves  with  M.  Knockenhauer's 
method,  founded  upon  the  employment  of  the  calorific  galva- 
nometer, namely,  upon  the  heating  brought  about  by  the 
induced  discharge  in  the  platinum  wire  of  an  electric  thermo- 
meter, through  which  it  is  transmitted.  M.  Riess  had  already 
employed  an  analogous  method ;  and  he  had  deduced  from  it 
the  calorific  power  of  the  induced  discharges,  and  the  in- 
fluence of  different   causes   upon  this  power;  a  subject  to 
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which  we  shall  return  when  studying  in  the  Fourth  Part  tlie 
calorific  eflects  in  general  of  electricity.  But  this  method, 
proper  enough  for  measuring  the  intensity  of  the  induction, 
could  Aimish  no  data  as  to  its  direction,  although  M.  Knock- 
enhauer  had  thought  he  was  able,  as  we  shall  see  in  a  moipent, 
to  deduce  from  it  that  the  induced  discharge  has  a  direction 
which  is  constantly  the  reverse  of  that  of  the  inducing  dis- 
charge. 

It  follows,  from  the  rapid  exposition  that  we  have  been 
making,  that  neither  the  magnetisation  of  steel,  nor  that  of 
soft  iron,  nor  the  employment  of  the  galvanometer,  nor  even 
that  of  the  condenser,  may  be  regarded  as  perfectly  sure 
methods  of  determining  the  direction  of  the  induced  discharge. 
In  fact,  magnetisation,  even  that  of  soft  iron,  as  M.  Marianini 
remarked,  depends  not  only  upon  the  direction,  but  also  upon 
the  intensity  of  the  magnetising  discharge ;  the  galvanometer 
is  of  difficult  employment  for  the  appreciation  of  instantaneous 
currents  such  as  those  in  question;  and  we  have  just  seen 
that  Riess  did  not  find  the  indications  of  the  condenser  always 
irreproachable.  The  pierced  card  that  M.  Matteucci  em- 
ployed can  only  serve  in  the  particular  case  in  which  the  in- 
duced discharge  gives  a  spark ;  and  the  calorific  efiects  are 
powerless  for  giving  the  direction  of  a  current  However, 
the  results  obtained  by  these  more  or  less  imperfect  methods 
present  a  great  degree  of  scientific  interest ;  for  they  are  well- 
observed  facts,  which,  independently  of  the  importance  they 
possess  of  themselves,  may  put  philosophers  on  the  most 
proper  road  towards  the  solution  of  the  question. 

This  road  seems  to  us  to  be  that  which  M.  Verdet,  a 
French  philosopher,  has  followed.  His  method  depends  upon 
the  phenomenon  known  under  the  name  of  polarisation  of 
electrodes.  It  is  well  proved  by  Mr.  Wollaston's  experiments, 
and  by  those  of  Faraday,  that  an  electric  discharge  of  feeble 
tension  is  able  to  produce  chemical  decompositions;  but 
other  researches  have  further  shown  that  a  similar  discharge, 
transmitted  through  a  decomposable  liquid  by  means  of  two 
wires  or  plates  of  gold  or  platinum,  renders  them  capable  of 
then  producing  of  themselves  an  electric  current  sensible  to 


Digitized  by 


Google 


410  MAGNETISM   AND  ELECTRODYNAMICS.         part  in* 

the  galvanometer.  This  phenomenon,  which  also  occurs  when 
it  is  a  current  instead  of  a  discharge  that  has  produced  the 
chemical  decomposition,  is  called  polarisation  of  the  electrodes. 
The  direction  of  this  current,  which  we  shall  call  secondary, 
varies  with  the  direction  of  the  discharge,  as  it  does  with  that 
of  the  current :  the  wire  by  which  the  positive  electricity  has 
penetrated,  called  on  this  account  the  positive  electrode,  be- 
haves as  the  negative  metal  of  the  new  pair ;  and  that  by 
which  the  negative  electricity  has  penetrated,  namely,  the 
negative  electrode,  behaves  as  the  positive  metal.  The 
current  that  is  produced  by  this  pair,  so  formed  of  these  two 
similar  metals,  but  which  have  served  to  transmit  the  dis- 
charge, is  stronger  as  the  discharge  itself  has  been  more  con- 
siderable ;  but  when  very  energetic  currents  are  in  question ^ 
it  is  not  only  the  greater  or  less  deviation  which  they  impress 
upon  the  needle  of  the  galvanometer,  but  the  duration  of  the 
deviation,  which  varies  with  the  intensity  of  the  primitive 
discharge.  However,  for  currents  such  as  those  at  present 
imder  consideration,  we  may  content  ourselves  with  observing 
the  galvanometric  deviations,  and  deducing  from  their  di- 
rections and  their  amplitude  the  direction  and  intensity  of  the 
secondary  current,  and,  consequently,  of  the  discharge  that 
has  produced  this  current,  calling  to  mind  that  the  direction  of 
the  secondary  current  and  that  of  the  discharge  are  always  in- 
verse, and  that  their  intensities  are  proportional  to  each  other. 
M.  Verdet,  in  his  experiments,  made  use  of  flat  spirals,  the 
wires  of  which  were  insulated  from  each  other  with  great  care 
by  silk  and  by  a  layer  of  gum-lac  varnish.  The  spiral  intended 
for  receiving  the  inducing  discharge  was  made  with  copper  wire 
1^  in.  in  diameter  and  91|  ft.  in  length,  forming  twenty-four 
spirals.  The  spirals  intended  for  receiving  the  induced  cur- 
rent, to  the  number  of  three,  were  made  of  wire  y*^  in.  in 
diameter  and  157^  ft.  in  length,  forming  ninety-five  spirals. 
All  the  spirals  were  about  9  J  in.  in  diameter.  The  battery  con- 
sisted of  nine  jars  lOf  in.  in  height  by  6  in.  in  diameter.  The 
battery  was  charged  until  a  spark  passed  between  two  balls, 
the  distance  of  which,  measured  by  an  adjusting  screw  to  j^^j 
in.,  served  to  measure  the  intensity  of  the  discharge. 
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M.  Verdet's  experiments  led  him  to  recognise  that,  when 
the  induced  circuit  is  entirely  continuous,  no  traces  of  polaris- 
ation are  obtained  except  by  excessively  powerfiil  discharges ; 
the  galvanometric  deviations  are  only  from  2**  to  3® ;  and  they 
'        indicate  that  the  induced  discharge  has  the  same  direction  as 
^        the  inducing.     If,  on  the  contrary,  the  induced  circuit  is  in- 
'        temipted  in  any  place,  so  that  there  is  a  spark,  the  current  of 
'        polarisation  becomes  very  sensible,  but  the  phenomena  at  first 
'         appear  very  irregular.     Nevertheless,   we   easily   recognise 
»        that  the  length  of  interval,  traversed  by  the  inductive  spark, 
exercises  a  great  influence  upon  the  direction  and  the  intensity 
i         of  the   induced   current       In  order  to  appreciate  this  in- 
I         fiuence,  M.  Verdet  made  the  inductive  sparks  pass  between 
the  lower  extremity  of  a  micrometer-screw  terminated  in  a 
[         point,  and  the  surface  of  a  small  mass  of  mercury  insulated  in 
I         a  glass  capsule.     He  observed  that,  when  the  direction  of  the 
f         induced  current  is  such  that  the  positive  electricity  comes  out 
I         by  the  point,  and  consequently  the  negative  arrives  at  the 
i         mercury,  the  direction  of  this  current  does  not  change,  what- 
i         ever  be  the  distance  of  the  point  from^  the  mercury ;  and  its 
intensity  increases   with   this   distance.     Moreover,   the   di- 


I 


I  rection,  in  this  case,  of  the  induced  charge,  is  similar  to  that 

of  the  inducing  charge.  When  it  is  the  point  that  is  the  ne- 
gative pole,  and  the  mercury  the  positive,  the  induced  current 
varies  irregularly  in  direction  and  in  intensity ;  but  setting  out 
from  a  certain  distance  between  the  point  and  the  mercury, 
the  direction  of  the  induced  discharge  becomes  constant,  and 
always  identical  with  that  of  the  inducing  discharge. 

These  results  are  very  well  explained,  if  we  take  care  not  to 
lose  sight  of  the  fact,  that  there  are  two  induced  discharges, 
the  one  inverse,  the  other  direct ;  and  that,  if  they  are  per- 
fectly equal,  we  should  obtain  no  effect  This  is  what  occurs, 
or  nearly  so,  when  the  induced  current  id  entirely  continuous. 
But  if,  by  any  circumstance,  one  of  the  discharges  becomes 
more  feeble  than  the  other,  we  then  obtain  an  effect  the  more 
considerable  as  the  difference  is  greater,  even  when  the  total 
induction  is  much  less.  This  happens  if  the  induced  circuit 
presents  a  solution  of  continuity.     Why  does  this  solution  of 
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continuity  favour  the  direct  in  preference  to  the  inverse  dis- 
charge,  especially  if  the  apparatus  is  arranged  so  that  it  is  the 
positive  electricity  of  the  direct  that  passes  out  hy  the  point  ? 
It  is  probable  that  this  is  due  to  the  property,  possessed  by 
positive  electricity,  of  escaping  more  easily  by  points  than 
negative  does, — a  property  of  which  we  shall  see  several 
more  examples  in  the  Fourth  Part  It  is  true  that,  when  it 
is  the  positive  electricity  of  the  inverse  charge  that  is  to  come 
out  by  the  point,  it  does  not  always,  although  it  does  some- 
times, get  the  advantage  over  the  direct.  I  imagine  that  this 
anomaly  is  due  to  another  property,  which  we  shall  also  study 
when  engaged  upon  the  propagation  of  electricity, — namely, 
that  a  current  or  a  discharge  passes  more  easily  between  two 
electrodes,  after  these  electrodes  have  transmitted  a  discharge 
or  a  current  the  inverse  of  that  which  is  about  to  pass.  Now, 
the  direct  induced  discharge  is  always  preceded  by  the  inverse 
discharge.  It  ought  therefore,  in  general,  to  be  transmitted 
more  easily,  viz.,  in  a  greater  proportion,  and,  consequently, 
should  surpass  the  other  in  intensity.  When  the  two  favour- 
able circumstances  ar^  tmited,  it  always  is  the  superior ;  when 
the  latter  alone  exists,  it  is  the  superior  or  not,  according 
to  the  relative  preponderance  of  the  two  influential  causes. 

M.  Verdet,  when  studying  the  induced  discharges  produced 
by  induced  discharges  themselves,  arrived  at  similar  results. 
The  direction  of  the  polarisation  of  the  electrodes  is  constant ; 
it  always  indicates  the  superiority  of  the  induced  direct  dis- 
charges ;  but  they  do  not  become  sensible,  except  as  the  in- 
duced circuit  is  interrupted.  If  it  is  continuous,  there  is  no 
trace  of  polarisation.  In  fact,  in  this  case,  all  the  induced 
currents,  which  are  here  to  the  number  of  four,  because  they 
are  due  to  the  inducing  action  of  the  two  induced  discharges 
themselves,  are  equal ;  and  as  they  are  inverse,  they  mutu- 
ally destroy  each  other.  But  if  there  is  a  solution  of  con- 
tinuity, this  causing  the  last  direct  current  to  predominate, 
there  is  then  an  effect 

We  see  that,  in  respect  to  discharges,  we  arrive  at  con- 
clusions very  similar  to  those  to  which  M.  Abria  arrived  when 
studying  the   induction    produced    by   voltaic    currents, — 
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namely^  that  the  direction  jof  the  induction  produced^  either 
by  instantaneous  currents^  such  as  the  induced  currents  of 
superior  orders^  or  by  simple  electric  discharges,  always 
depends  upon  the  relative  superiority  of  the  induced  currents 
or  discharges;  the  one  set  inverse,  the  other  set  direct; 
which  leads  us  to  recognise  that,  in  these  cases,  the  observed 
effect  is  not  an  absolute  effect,  but  the  difference  between 
2,  4,  or  a  greater  number  of  almost  simultaneous,  induced 
currents. 

M.  Knockenhauer,  on  the  contrary,  arrived,  by  a  different 
method  to  that  of  M.  Verdet,  to  conclusions  completely 
opposite.  The  method  employed  by  this  philosopher  con- 
sisted in  making  the  inducing  discharge  and  the  induced  dis- 
charge pass  simultaneously  through  the  platinum  wire  of  an 
electric  thermometer,  by  arranging  the  commimication  in 
two  successive  experiments,  so  that  one  of  the  discharges 
should  traverse  the  platinum  wire  in  the  two  opposite  di- 
rections, the  direction  of  the  other  remaining  constant  The 
elevation  of  temperature  indicated  by  the  thermometer  was 
not  the  same  under  both  circumstances ;  and,  if  we  admit  that 
the  greater  elevation  corresponds  to  the  case  in  which  the  two 
discharges  pass  in  the  same  direction  through  the  thermometer, 
the  smaller  to  the  case  in  which  they  pass  in  contrary  di- 
rections, the  experiments  would  assign  to  the  induced  dis- 
charge, contrary  to  M.  Verdet's  results,  a  direction  the  contrary 
to  that  of  the  inducing  discharge. 

In  order  that  this  conclusion  may  be  accurate,  it  would  be 
necessary  that  experiment  should  have  demonstrated  the 
accuracy  of  the  principle  upon  which  it  rests ;  for  nothing 
proves  h  priori  that  two  equal  currents,  circulating  in  the 
same  wire  in  opposite  directions,  produce  a  null  calorific 
effect.  Furthermore,  M.  Matteucci,  by  combining  the  current 
of  a  pile  with  the  discharge  of  a  Leyden  jar,  showed  on  the 
contrary  that  the  calorific  effects  of  these  two  modes  of  pro- 
ducing dynamic  electricity  are  always  added  together,  what- 
ever be  the  relative  direction  of  the  current  and  of  the 
discharge. 

M.  Knockenhauer's  researches,  which  are  remarkable  more- 
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over  by  the  great  number  of  the  experiments,  had  led  him 
to  consider  the  phenomena  of  electro-dynamic  induction 
as  simple  effects  of  induction  due  to  static  electricity ;  but, 
when  the  subject  is  more  closely  studied,  it  is  impossible  to 
confound  these  two  orders  of  facts.  The  free  electricity  of 
the  battery  cannot  be  the  cause  of  the  induced  discharge, 
which  is  simply  due  to  the  inducing  effect  of  the  electricity  in 
motion ;  but  it  may,  it  is  true,  give  rise  to  another  electric 
movement  that  in  no  manner  depends  upon  the  direction  of 
the  principal  discharge.  This  movement,  to  which  the  name 
of  lateral  discharge  has  been  given,  is  an  instantaneous  decom- 
position of  the  natural  electricity  of  the  neighbouring  con- 
ductors, in  virtue  of  which  the  electricity  that  is  contrary  to 
the  free  electricity  of  the  battery  is  attracted  towards  the 
inducing  wire,  and  the  similar  electricity  is  repelled  from  it; 
A  conductor,  when  subjected  to  induction,  and  consequently 
placed  in  the  neighbourhood  of  the  conductor  of  a  discharge, 
is  always  the  seat  of  a  lateral  discharge  that  may,  in  certain 
cases,  take  the  form  of  a  true  induced  discharge.  We  have 
the  proof  that,  notwithstanding  the  appearance,  there  is  no 
identity  between  these  two  discharges  in  the  spark  that  may 
be  drawn  from  the  induced  current,  as  well  when  it  is  opened 
as  when  it  is  closed,  by  an  insulated  conductor  that  is  brought 
near  at  the  moment  when  the  principal  discharge  takes  place. 
We  then  find  the  conductor  charged  with  a  similar  electricity 
to  the  free  electricity  of  the  battery,  conformably  to  the  laws 
of  the  induction  of  static  electricity.  The  direction  of  the 
induced  discharge  has  no  influence  over  this  class  of  effects, 
which  moreover  are  the  more  sensible  as  the  tension  of  the 
electricity  of  the  battery  is  stronger. 

These  phenomena  are  due  to  the  fact  that  the  two  surfaces 
of  the  battery  which  are  made  to  communicate  with  each 
other  by  means  of  the  conducting  wire  of  a  discharge,  are 
almost  always  charged  with  very  unequal  quantities  of  elec- 
tricity. It  hence  follows  that,  at  the  moment  of  tlie  discharge, 
there  is  on  each  point  of  the  conducting  wire  an  excess  of 
free  electricity  acting  by  induction  upon  the  neighbouring 
bodies.     It  is  probable  that  to  this  excess  of  free  electricity 
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the  luminous  appearance  is  due,  which,  as  M.  PoggendorfF  has 
observed,  is  presented  by  a  wire  that  is  transmitting  the  dis- 
charge of  a  battery.  It  appears  illuminated  along  its  whole 
length,  and  gives  sparks  perpendicular  to  this  length.  If  the 
wire  is  bent  into  two  parallel  parts  very  near  to  each  other, 
the  outer  side  alone  is  luminous  ;  if  it  is  in  a  helix,  it  is  also 
the  exterior  of  the  helix,  a  further  proof  that  the  phenomenon 
is  a  phenomenon  of  static  electricity. 

We  now  understand  the  nature  of  the  errors  of  which  the 
discharge  may  be  the  cause,  in  experiments  upon  induction, 
especially  when  the  condenser  is  employed ;  but  M.  Verdet 
satisfied  himself  that  it  has  no  influence  over  the  polarisation 
of  electrodes,  and  that,  consequently,  it  does  not  involve  in 
any  inaccuracy  the  results  obtained  upon  induced  currents  by 
this  mode  of  investigation.     In  fact,  the  induced  circuit  being 
open,  one  of  its  extremities  has  been  placed  in  communication 
with  one  of  the  platinum  wires  of  the  decomposition  apparatus, 
the  other  communicating  with  the  ground;   and,  however 
powerful  the  charge  of  the  battery  may  be,  there  is  no  sensible 
polarisation  where  the  discharge  is  made,  although  there  is  a 
powerful  lateral  discharge.     This  lateral  discharge,  which,  as 
we  shall  see,  plays  a  most  important  part, — a  phenomenon 
known  by  the  name  of  retum-^hocky  and  especially  in  light* 
ning-strokes,  has  been  the  object  of  study  to  several  philoso- 
phers, and  in  particular  to  M.  Riess,  who  found  it  intimately 
connected,  in  respect  to  its  range,  that  is,  in  respect  to  the 
distance  at  which  it  occurs,  and  in  general  in  respect  to  all 
the  circumstances  that  accompany  it,  with  the  tension  of  the 
electricity  in  the  battery,  and  the  velocity  with  which  this  elec- 
tricity escapes.    M.  Matteucci,  on  his  part,  considers  that  many 
of  the  phenomena  attributed  to  the  lateral  discharge  aire  due 
to  a  veritable  induction  brought  about  in  the  surrounding 
bodies,  and  he  quotes  some  curious  facts  tending  to  prove  that 
even  insulating  bodies  are  susceptible  of  experiencing  it.     He 
found  that  plates  of  mica,  interposed  between  several  suc- 
cessive steel  needles,  diminish  the  magnetism  that  they  ac- 
quire, in   comparison  with   that   producea  from   the   same 
discharge  in  perfectly  similar  needles,  arranged  in  the  same 
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manner,  except  that  there  is  not  any  mica  between  them. 
This  effect  of  the  presence  of  mica  varies  with  regard  to  its 
absolute  intensity  with  the  distance  of  the  needle  from  the 
wire  that  conveys  the  discharge.  Whatever  may  be  the 
case,  it  seems  to  be  proved  that,  in  the  presence  of  an  electric 
discharge,  there  is  produced  in  the  induced  ambient  body, 
and  immediately  afterwards  destroyed,  electric  discharges 
that  succeed  each  other  in  contrary  directions,  in  very  brief 
intervals.  We  shall  return  to  this  subject  when  we  are 
studying,  in  a  special  manner,  the  mode  of  propagation  in 
different  media  of  dynamic  electricity,  either  instantaneous  or 
continuous.  For  the  present  we  shall  confine  ourselves  to 
explain  further,  and  in  a  few  words,  the  interesting  results  to 
which  M.  Riess  arrived,  in  regard  to  the  influence  exercised 
by  induction  in  the  phenomenon  of  heating  fine  metal  wires 
traversed  by  an  electric  discharge.  He  found  in  fact,  that  if, 
parallel  to  and  near  this  wire,  there  is  placed  a  second  similar 
wire,  tlie  two  ends  of  which  are  put  into  communication,  the 
current  induced  in  this  second  wire  generally  diminishes  the 
calorific  effect  of  the  direct  discharge  upon  the  first, — a 
diminution  that  appears  to  be  due  to  the  retardation  in  ve- 
locity experienced  by  this  discharge,  and  consequently  in  its 
heating  power,  which  depends  essentially  on  the  promptitude 
of  the  electric  escape.  This  infiuence  of  the  induced  current 
is  modified  by  the  length  of  the  circuit  that  it  traverses, 
having  for  a;  determinate  length  a  maximum  that  cannot  be 
exceeded.  In  fact,  the  prolongation  of  the  secondary  circuit 
produces  a  double  result :  in  the  first  plac«  of  retarding  the 
current  that  is  developed  by  the  discharge,  and  of  thus  in- 
creasing its  reaction  upon  the  principal  wire ;  in  the  second 
place,  of  enfeebling  this  current,  and  on  the  contrary  dimi- 
nishing this  same  reaction.  At  first  the  former  effect  predo- 
minates, and  the  reaction  is  seen  to  increase ;  but  soon  thd 
secondary  current  is  so  enfeebled  that  its  influence  ceases 
more  and  more,  until  it  becomes  null  beyond  a  certain  length, 
which  is  equivalent  to  a  complete  interruption  of  the  circuit 

M.  Riess  did  not  confine  himself  to  determining  the  reaction 
of  the  induced  discharge  ujwn  the  direct  discharge ;  but  he 
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also  made,  as  we  have  already  said,  a  very  special  study 
of   the  induced  discharges  themselves,   employing  for  the 
purpose  of  measuring  their  intensity  the  heat  produced  in  the 
very  fine  platinum  wire  of  an  electric  thermometer,  through 
which  they  are  transmitted*     This  mode  of  operating  could 
not  give  M.  Riess  the  direction  of  the  induced  discharge ;  but 
he  found,  by  the  magnetisation  of  a  steel  needle,  that  this 
direction  is  the  same  as  that  of  the  inducing  discharge.    How- 
ever, he  recognised  that  the  duration  of  the  magnetisation 
impressed  upon  a  needle  by  a  secondary  discharge  may  vary 
with  circumstances  independent  of  the  direction  of  this  dis- 
charge, as  occurs  in  Savary's  experiments  for  direct  dis- 
charges.    Furthermore,  with  regard  to  the  intensity  of  the 
induced  discharge,  measured  by  the  calorific  eflect,  it  is  pro- 
portional to  that  of  the  inducing  discharge,  and  to  the  e£Sca- 
cious  length  of  the  wire  by  which  this  discharge  is  conducted ; 
but  it  is  in  inverse  ratio  to  the  distance  of  the  two  wires,  and 
independent  of  the  conductibility  of  the  induced  wire.     The 
influence  of  interposed  conductors  upon  the  calorific  effect  of 
the  induced  current  is  very  sensible,  whether  this  conductor 
is  a  metal  wire,  the  two  ends  of  which  are  connected,  or  a 
plate,  that  is  a  very  good  conductor,  either  by  its  nature  or 
its  thickness.     The  interposition  of  a  copper  disc,  16  inches 
in  diameter  and  ^y  in.  in  thickness,  completely  annihilated  the 
effect  of  heating  in  the  induced  wire,  although  the  inducing 
discharge  was  produced  by  four  highly  charged  jars.     Riess 
found  that  in  general  the  intensity  of  the  current  in  the 
secondary  wire  is  the  more  diminished  as  the  thickness  of  the 
interposed  plate  is  greater. 

To  sum  up,  it  follows  from  all  the  numerous  researches 
made  upon  induced  discharges,  that  this  is  a  very  complex 
phenomenon,  and  is  influenced,  in  all  the  circumstances 
essential  to  its  existence,  by  the  very  mode  that  is  employed 
for  determining  it;  on  which  account  this  determination  is 
very  di£Scult.  However,  we  may  reduce  it  to  tliis  very 
simple  form,  namely,  that  a  discharge  determines  in  a  con- 
ductor that  is  near  to  the  one  by  which  it  is  transmitted,  two 
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induced  discharges,  having  the  first  a  contrary  direction,  and 
the  second  a  similar  direction  to  that  of  the  inducing  dis- 
charge;— that  these  two  opposite  discharges  succeed  each 
other  in  an  interval  of  time  of  inappreciable  duration ; — that 
they  nearly  neutralise  each  other  if  the  induced  circuit  pre- 
sents no  resistance,  but  that  if  the  circuit  is  interrupted  either 
by  a  fine  wire  that  is  heated,  or  by  an  interval  that  gives  rise 
to  a  spark,  then  one  of  the  discharges  surpasses  the  other, 
and  it  is  generally  the  latter,  namely,  the  one  that  travels  in 
the  same  direction  as  the  inducing  discharge.  The  cause 
of  this  superiority  is  essentially  due  to  the  conditions  of 
the  circuit,  which  more  facilitate  the  transmission  of  elec- 
tricity in  one  direction  than  in  the  other ;  it  is  also  due  to 
the  fact  that  the  direct  discharge  being  the  second,  the  causes 
that  retard  in  general  the  propagation  of  electricity,  must  act 
proportionately  with  less  force  upon  it  than  upon  the  former. 
However,  we  must  not  disguise  that  this  manner  of  explaining 
the  phenomena  of  the  induction,  produced  by  discharges  or 
instantaneous  currents,  is  not  that  adopted  by  several  Grerman 
philosophers,  and  in  particular  M.  Dove.  This  philosopher, 
and  others  also,  especially  M.  Weber,  hold  different  views  of 
this  order  of  phenomena,  and  do  not  think  that  they  can  be  re- 
duced to  such  simple  laws.  Probably  they  are  not  altogether 
wrong.  Further,  we  may  judge  of  this  by  the  explanation, 
unfortunately  but  a  brief  one,  that  we  are  about  to  give  of 
their  researches. 


Infiuence  that  is  exercised  upon  Induction  by  metal  Masses,  prin- 
cipally magn£ticy  placed  in  the  Interior  of  Bobbins. 

It  remains  for  us,  in  terminating  this  Chapter,  to  study  for 
a  few  moments  a  point  that  we  have  merely  alluded  to, 
namely,  the  influence  that  is  exercised  upon  discharges,  as 
well  as  upon  induced  currents,  by  the  nature  and  arrangement 
of  the  metal  masses  that  are  introduced  into  the  interior 
of  the  helices,  intended  for  the  production  of  induction. 
This  influence  is  manifested  by  the  modification  that  it  ex- 
ercises over  the  properties  of  induced  currents.     It  is  further 
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manifested^  and  is  explained  by  the  production  of  induced 
currents  occurring  on  the  surface  itself  of  these  masses^  when 
they  are  continuous,  and  not  formed  of  isolated  pieces,  in  a 
greater  or  less  number,  and  particularly  on  the  surface  of 
magnets. 

M.  Dove  made  a  very  special  study  of  this  subject     With 
this  view,  he  successively  employed  currents  and  discharges 
to  produce  induction,  and   arrived  at  perfectly  concordant 
results.     Laying  down  the  position  that,  in  a  current,  namely, 
in  the  neutralisation  of  two  contrary  electricities,  we  must 
distinguish  two  elements,  the  original  intensity  of  these  two 
electricities,  and  the  time  that  their  neutralising  lasts ;  or, 
which  comes  to  the  same  thing,  the  force  of  the  current  and 
its  duration,  he  succeeded  in  recognising  that,  according  to 
the  nature  of  the  effects  produced,  one  of  these  elements  exer- 
cises a  greater  influence  than  the  other.     If  the  magnetic, 
chemical,  physiological,  and  calorific  effects   of  fm  electric 
current  depended  equally  on  its  force  and  on  its  duration, 
the  equality  recognised  between   currents  for  one  of  these 
classes  of  effects  would  have  equally  occurred  for  the  three 
others.     But  tilings  do  not  occur  in  this  way.     The  differ- 
ences that  are  observed  between  the  effects  of  two  currents, 
arising  from  the  neutralisation  of  equal  quantities  of  electri- 
city, must  therefore  be   attributed   to   a  difference  in  the 
duration  of  this  neutralisation.     These   differences   are   es- 
pecially sensible  when  the  galvanometric  and  chemical  effects, 
that  are  proportional  to  each  other,  are  compared  with  the 
physiological  effect     Now  this  latter  is  by  no  means  propor- 
tional to  the  deviation  of  the  needle  nor  to  the  quantities  of 
gas  given  by  the  voltameter ;  it  is  not,  like  the  two  others,  a 
product  of  the  duration  by  the  force ;  it  only  depends  on  this 
latter,  and  increases  consequently  with  the  rapidity  of  the 
neutralisation.     Thus   it   is   that  the   same   dischaige   of  a 
Leyden  jar,  which  violently  shakes  the  body,  and  does  not 
cause  the  needle  to  deviate,  may,  if  it  is  slowly  drawn  off  by 
a  point,  affect  a  galvanometer,  the  coils  of  which  are  well 
insulated,  and  not  produce  any  shock  upon  the  human  body 
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placed  in  its  route.  It  is^  however,  the  same  quantity  of 
electricity  in  both  cases.  The  property  possessed  by  the 
electric  current,  of  magnetising  tempered  steel,  is  of  the  same 
order  as  its  physiological  effect  If,  therefore,  there  are  two 
currents  developed  in  the  same  conductor, — and  that  these 
currents  produce  the  same  deviation  in  the  galvanometer,- 
and  that  one  determines  a  more  powerful  physiological  effect 
and  more  vivid  sparks  than  the  other,  and  communicates 
more  powerful  magnetisation  to  steel,  we  must  conclude  from 
this  that  the  same  quantity  of  electricity  is  moved  in  less 
time  in  the  former  than  in  the  latter ;  and  reciprocally,  when 
the  physiological  and  magnetising  effects  of  the  two  currents 
shall  be  the  same,  that  one  of  the  currents  whose  effect  shall 
be  the  least  upon  the  galvanometer  will  merely  have  existed 
for  a  shorter  space  of  time,  stiU  being  however  of  the  same 
intensity. 

These  differences,  which  distinguish  in  a  striking  manner 
the  phenomena  of  the  electricity  of  common  friction  machines 
from  those  of  voltaic  electricity,  are  no  less  sensible  when  we 
compare  inductive  currents  one  with  the  other,  and  when, 
without  making  any  change  in  the  induced  circuit,  we  con- 
fine ourselves  to  modifying  the  nature  and  the  mechanical 
aggregation  of  the  metal  masses  that  are  placed  in  the  helix ; 
a  modification  that  is  sufficient  to  produce  a  considerable  one 
in  the  properties  of  the  induced  currents  themselves. 

We  have  already  remarked  that,  in  magnetising  bundles  of 
iron  wire  by  the  electric  current  traversing  the  wire  of  a 
helix,  we  obtain  much  more  powerful  shocks  than  when  we 
use  a  cylinder  of  solid  iron.  M.  Dove,  in  order  to  establish 
an  exact  comparison  between  the  physiological  action  and  the 
galvanometric  action,  in  respect  to  the  influence  that  is  exer- 
cised upon  each  of  them  by  the  nature  and  the  state  of  the 
iron  that  is  employed,  made  use  of  two  perfectly  similar 
helices  made  with  thick  copper  wire,  and  traversed  succes- 
sively by  the  same  voltaic  current.  These  helices  acted,  by 
induction,  upon  a  helix  superposed  on  each  of  them.  These 
new  helices,  made  with  a  much  finer  wire,  communicated 
together  by  one  of  their  extremities ;  so  that  the  direction  of 
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the  inductive  current  in  the  one  was  opposed  to  that  of  this 
current  in  the  other.  The  two  free  extremities  of  the  system 
of  two  helices  were  furnished  with  handles^  which  permitted 
of  completing  the  circuit  by  the  intervention  of  the  body  or 
by  that  of  the  galvanometer.  In  both  cases,  the  two  in- 
ductive currents  being  inverse,  neutralised  each  other.  It 
was  no  longer  the  same  when  wires  or  masses  of  iron  were 
introduced  into  the  interior  of  each  helix.  M.  Dove,  after 
having  successively  introduced  into  one  of  the  helices  cylinders 
made  of  forged  iron,  of  different  kinds  of  cast  iron,  of  tempered 
steel,  placed  at  the  same  time  in  the  other  the  number  of 
wires  necessary  for  rendering  null  either  the  galvanometric  or 
the  physiological  effect  He  thus  determined  the  number  of 
wires  necessary  for  establishing  the  compensation  or  the  equi- 
librium between  the  induced  current  for  the  bundle  of  wires. 
This  number  was  different  according  as  the  current  was  ap- 
preciated by  its  effect  upon  the  galvanometer,  or  by  its  effect 
upon  sensation.  Thus,  with  forged  iron,  110  wires  were  not 
sufficient  to  establish  galvanometric  equilibrium;  15  were 
sufficient  to  establish  it  for  sensation ;  with  tempered  steel,  28 
were  required  in  the  former  case,  7  in  the  latter ;  with  grey 
cold  blast  iron,  27  and  1 1.  Analogous  results  were  obtained 
with  a  differential  galvanometer,  the  two  wires  of  which  were 
traversed  each  by  one  of  the  inductive  currents.  The  latter 
having  been  rendered  equal  with  regard  to  their  action  upon 
the  galvanometer,  they  were  not  so  with  regard  to  physio- 
logical action ;  the  superiority  for  this  latter  kind  of  effect 
belonged  to  the  one  that  came  from  the  helix  in  which  were 
the  iron  wires.  With  regard  to  the  different  kinds  of  iron, 
experiment  shows  that,  if  we  class  them  according  to  their 
galvanometric  effect,  we  obtain  a  different  series  from  that  to 
which  we  arrive  in  classing  them  according  to  their  physio* 
logical  effect  Thus  this  latter  effect  depends,  not  only  upon 
the  discontinuity  of  the  mass,  but  also  upon  the  nature  itself 
of  the  iron.  Thus,  by  combining  the  two  causes,  we  arrive 
at  finding  soft  iron  wires  of  a  certain  diameter  capable  of  com- 
pensating the  action  of  a  cylinder  of  a  certain  kind  of  iron  as 
well  in  relation  to  the  galvanometer  as  in  relation  to  sensation. 
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This  double  result  was  obtained^  for  example,  with  twelve  wires 
of  about  ^  in.  in  diameter,  and  a  cylinder  of  grey  smelted  cast 
iron.  Furthermore,  the  influence  of  the  nature  of  the  iron  is 
itself  probably  due  to  some  difference  in  the  molecular  con- 
stitution of  the  mass.  Thus,  grey  rough  cast  iron  is  of  all 
kinds  of  iron  the  one  that  approaches  the  nearest  to  bundles 
of  wires  with  regard  to  the  effect  of  induction,  its  physio- 
logical action  being  relatively  greater  than  might  be  expected 
from  the  intensity  of  the  current  developed  in  the  galvano- 
meter. This  result  would  seem  to  indicate  that,  in  this  cast 
iron,  the  part  of  the  iron  susceptible  of  magnetisation  does  not 
form  a  continuous  mass,  which  accords  with  M.  Karsten's 
chemical  researches. 

The  experiments  made  by  means  of  the  magnetisation  of 
steel,  and  by  comparing  the  vividness  of  the  sparks,  have 
confirmed  the  preceding  results,  and  have  also  demonstrated, 
in  a  general  manner,  that  in  an  inductive  current,  developed 
by  employing  a  bundle  of  wires,  the  same  quantity  of  electri- 
city moves  in  less  time  than  when  it  is  the  result  of  induction 
produced  by  a  solid  cylinder.  Tubes,  substituted  for  the 
iron,  act  like  forged  cylinders,  and  completely  nullify  the 
effect  of  wires  placed  in  their  interior,  except  in  the  case 
where  they  are  traversed  by  a  longitudinal  slit;  for,  in 
that  case,  the  introduction  of  a  certain  number  of  iron  wires 
increases  the  physiological  effect,  but  in  no  way  modifies  the 
action  upon  the  galvanometer,  which  in  consequence  appears 
to  arise  only  from  the  iron  envelope.  In  the  experiments  in 
question,  the  tubes  were  hollow  cylinders  of  the  dimensions  of 
a  gun-barrel:  the  residts  are  not  the  same  when  tubes  of 
thin  sheet  iron  are  employed.  The  wires  act  through  these 
tubes,  quite  closed  as  they  are,  so  as  to  increase  the  galvano- 
metric  effect,  and  even  proportionately  more  than  the  physio- 
logical effect.  But  if  the  thin  tube  is  slit  longitudinally,  the 
result  is  the  inverse,  and  the  introduction  of  the  wires  causes 
a  greater  increase  in  the  physiological  effect  than  if  they  were 
placed  in  a  closed  tube. 

Closed  or  unclosed  conducting  envelopes,  such  as  an  in- 
sulated wire,  wound  to  a  helix  around  a  tube  of  card  in 
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w^hich  the  iron  is  placed,  and  the  two  ends  of  which  are  con- 
nected of  insulated,  such  again  as  a  tube  of  brass  closed  or 
slit  lengthwise,  produce  effects  that  are  perfectly  in  accordance 
with  those  that  we  obtained  when  employing  iron  wires  or 
solid  cylinders.     The  closed  helix  and  the  continuous  brass 
tube  diminish  the  action  of  a  bundle  of  iron  wires  which  they 
surround,  so  as  to  render  this  action  similar  to  that  of  a  solid 
iron  cylinder,  and  even  inferior  to  it,  although  it  was  very  far 
superior  before  the  wires  were  thus  enveloped.     The  tube 
split  lengthwise  produces  thus  a  less  reduction  of  force  than 
the  closed  tube,  but  a  little  more  considerable  than  a  helix, 
the  extremities  of  which  are  not  imited.     By  closing   the 
circuit  of  the  split  tube  by  means  of  the  wire  of  a  galvano- 
meter, we  may  prove  the  existence  of  the  induced  current. 
These  experiments  show  that  the  difference  we  found  to  exist 
between  the  action  of  a  bundle  of  iron  wires  and  that  of  a 
solid  cylinder  is  essentially  due  to  the  currents  of  induction 
being  enabled  to  be  set  up  on  the  surface  of  the  cylinder. 

From  all  the  facts  that  we  have  described,  it  follows  that 
the  diversity  of  effects  manifested  by  the  currents  of  induction 
is  due  to  a  difference  in  their  durationy  and  not  to  a  difference 
in  their  energy.  The  metal  envelope  that  surrounds  a  bundle 
of  wires  or  the  continuous  surface  of  a  solid  iron  cylinder 
does  not  enfeeble  the  action  of  induction,  but  retards  it.  This 
retardation  has  no  influence  on  the  galvanometer  needle,  upon 
which  the  effects  of  the  current  are  accumulated,  an  operation 
for  which  duration  is  of  no  importance ;  but  it  greatly  dimi- 
nishes the  physiological  effect  and  the  magnetising  action. 
It  is  to  the  same  cause  we  must  attribute  the  fact,  that  the 
sparks  and  shocks  produced  by  the  extra  current,  namely,  by 
the  current  induced  upon  itself  in  a  helix,  the  axis  of  which 
is  occupied  by  a  bundle  of  iron  wires  or  by  pieces  of  solid 
iron,  disappear  almost  entirely  when  the  wires  or  pieces  of 
iron  are  placed  in  a  closed  brass  tube.  But  it  is  not  the  same 
if  the  brass  tube  is  opened.  The  end  of  a  gun-barrel  produces 
the  same  results,  when  closed  and  open,  as  does  the  brass 
tube ;  only  with  the  closed  gun-barrel  there  is  still  a  feeble 
shock. 
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A  very  important  remark  made  by  M.  Dove,  and  the 
accuracy  of  which  I  have  often  had  the  opportunity  of 
proving,  is,  that  the  effects  are  greatly  increased,  all  other 
circumstances  remaining  the  same,  by  reversing  the  polarity 
of  the  iron,  whatever  it  may  be  that  is  in  the  interior  of  the 
helices,  by  means  of  a  change  in  the  direction  of  the  current. 
This  result  is  due  to  the  fact,  that  iron,  even  the  softest, 
always  preserves  a  certain  amount  of  magnetic  polarity,  even 
when  the  magnetisation  has  ceased,  if  at  least  it  has  been  pro- 
longed for  a  short  time.  It  follows  that  the  inductive  current, 
produced  by  the  rupture  of  the  circuit,  is  less  powerful  than 
if  the  magnetisation  at  this  moment  ceased  entirely.  But,  by 
reversing  the  polarity,  we  necessarily  obtain  this  result.  In 
general,  the  most  powerful  effect  of  induction  belongs  to  the 
metal  whose  magnetic  state  experiences  the  greatest  change. 
The  indications  of  the  galvanometer  are,  in  this  case,  ana- 
logous to  those  resulting  fi'om  sensation.  Many  examples 
show  that,  if  we  did  not  take  into  account  this  principle  of  the 
increase  of  energy  by  the  reversal  of  polarity,  it  would  be  im- 
possible to  compare  together  different  sorts  of  iron.  Thus 
soft  steel  and  tempered  steel,  when  their  polarity  is  reversed, 
surpass  all  kinds  of  cast  iron ;  and  these  in  their  turn,  when 
their  polarity  is  reversed,  have  all  a  greater  energy  than  soft 
steel  and  tempered  steel.  It  is  the  same  with  the  different 
species  of  cast  iron  in  respect  to  each  other,  and  with  bundles 
of  iron  wire. 

Afker  having  employed  electric  currents,  M.  Dove  em- 
ployed discharges  for  producing  induction,  with  a  view  of 
determining  the  influences  that  may  be  exercised  upon  in- 
duced discharges  by  the  introduction  of  all  kinds  of  metals. 
The  apparatus  that  he  employed,  and  which  he  termed  the 
differential  inductor,  consisted  of  two  helices  made  of  two  thick 
copper  wires,  and  wound  upon  two  glass  tubes  13  in.  long  by 
1  in.  in  diameter.  The  spirals  of  these  wires  were  insulated 
with  great  care  by  means  of  a  thick  coat  of  gum-lac.  Two 
other  larger  helices,  but  perfectly  similar  to  each  other,  wound 
in  the  same  direction  around  a  tube  of  card,  and  consisting 
of  the  same  number  of  convolutions,  i*eceived  in  their  interior 
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the  first-named  helices.  The  latter  transmitted  the  discharge 
of  a  battery  of  Leyden  jars,  which  traversed  successively  the 
two  wires.  There  resulted  from  this  an  induced  discharge  in 
the  two  enveloping  helices.  Of  the  four  ends  of  these  helices, 
two,  belonging  each  to  a  difierent  helix,  were  placed  in  com- 
munication by  a  conductor,  and  the  two  others  served  to 
transmit  the  induced  discharge  through  the  human  body,  the 
I  wire  of  a  galvanometer,  a  magnetic  spiral,  or  a  voltameter. 

,  By  the  arrangement  of  the  apparatus,  we  could  at  pleasure 

y  introduce  into  the  interior  of  the  helices  solid  cylinders  or 

f  bundles  of  wire.     This   apparatus,  although  essentially  in- 

tended for  induction  produced  by  discharges  of  common  elec- 


Fig.  154. 

tricity,  may  sen^e  equally  in  the  cases  where  voltaic  currents 
are  employed  instead  of  discharges  (^Fig.  154.). 
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The  helices  of  the  induced  circuit  may  be  united^  so  that 
the  two  induced  discharges  travel  in  the  same  direction,  or  so 
that  they  travel  in  the  contrary  direction.     In  the  latter  case, 
they  completely  neutralise  each  other,  so  that  if  the  intro- 
duction of  any  substance  in  the  interior  of  one  of  the  helices 
modifies  in  any  way  the  induction  brought  about  in  that 
helix,  it  is  immediately  perceived,  because  the  neutralisation 
no  longer  occurs,  and  one  of  the  induced  discharges  surpasses 
the  other.     Unfortunately,  the  galvanometer,  the  chemical 
voltameter,  and  the  magnetisation  of  soft  iron,  are  in  no  degree 
influenced  by  the  instantaneous  current  of  the  induced  dis- 
charge, so  that  we  must  have  recourse  to  other  means  for 
estimating  it,  namely,  to  the  shock,  and  to  the  magnetisation 
of  steel  needles.      M.  Dove  made  use   of  the  physiological 
shock,  which,  by  its  degree  of  intensity,  indicates  by  how 
much  one  of  the  instantaneous  currents  is  superior  to  the 
other ;  but,  in  order  to  obtain  the  definitive  direction  of  the 
current,  and  to  discover  which  of  the  two  helices  gives  a 
superior  current  to  the  other,  he  employed  M.  Riess's  method, 
namely,  a  condenser  and  figures  traced  by  the  two  electricities 
upon  cakes  of  resin,  placed  between  the  two  extremities  of 
the  induced  wire.    By  operating  thus,  he  found  that  the  phy- 
siological efiect  of  the  inductive  current,  developed  by  the 
discharge  of  the  jar,  is  enfeebled  by  the  introduction  into  the 
bobbin  of  non-magnetic  metals,  and   the   more   so  as  they 
are  better  conductors.     This  diminution,  therefore,  is  much 
less  for  antimony y  bismuth,  and  lecid,  than  it  is  for  copper.    The 
efiect  of  these  cylinders  is  the  same  as  that  of  helices  whose 
two  ends  are  united;  it  Is  then  the  result  of  the  reaction 
exercised  upon  the  secondary  circuit,  by  the  instantaneous 
currents   developed   upon  their  surface.     Thus,  tubes   cleft 
longitudinally,  and  bundles  of  wires,  diminish  much  less  the 
efiects  of  induction  than  do  continuous  cylinders.     Forged 
iron,  tempered  and  untempered  steel,  grey  or  white  cast  iron, 
equally   diminish   the   physiological    effect   by   their   intro- 
duction :    but  it  is  not  the  same  with  bundles  of  insulated 
iron  wire;  there  is  then,  on  the  contrary,  an  augmentation. 
The  condenser  in  this  case  indicates  that  the  instantaneous 
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current  has  travelled  in  the  inverse  direction  to  the  preceding 

case, — a  proof  that  the  introduction  of  the  v^ires  does  not 

%oeakeny  but   increases  the  effect  of  the  induction.      If  the 

bundle  of  iron  wires  is  enveloped  by  a  continuous  surface  of 

copper,  it  then  acts  as  a  solid  cylinder  and  diminishes  the 

action.     It  is  the  same  if  it  is  surrounded  by  a  wire,  coiled  as 

a  helix,  and  having  its  two  ends  united ;  but  it  is  necessary 

that   the  wire  be  a  good  conductor.     A  solid  mass  of  nickel 

increases  the  induction,  and  acts  like  a  bundle  of  iron  wire : 

this  is  probably  due  to  its  feeble  degree  of  electric  conducti- 

bility,  joined  to  its  great  magnetic  virtue. 

What  we  have  been  saying  is  sufficient  to  establish  satis- 
factorily the  difference  existing  between  induction  produced 
by  discharges,  and  that  produced  by  continuous  electric 
currents,  at  the  moment  when  they  cease  to  pass.  The  phy- 
siological effects,  far  from  diminishing y  actually  increase,  by  the 
introduction  into  a  helix  of  a  piece  of  iron  of  any  kind ;  it  is 
true  that  they  increase  more,  if  the  mass  of  iron  presents  so- 
lutions of  continuity  parallel  to  the  axis.  With  regard  to  the 
galvanometric  effects  that  are  appreciable  in  this  case,  we 
may  remember  that  they  are  more  sensible  with  solid  cylin- 
ders than  with  bundles  of  wires ;  and  that  solutions  of  con- 
tinuity in  the  cylinders  or  an  envelope  around  the  wires,  in 
no  degree  modify  their  action :  nor  does  the  introduction  of 
non-magnetic  metals  into  the  interior  of  the  helices  produce 
in  this  case  any  effect 

If,  instead  of  employing  the  physiological  effects  for  study- 
ing the  induction  produced  by  discharges,  we  employ  the 
magnetisation  of  steel  needles,  we  find  that,  far  from  weak- 
ening the  action,  the  introduction  of  a  mass  of  any  kind  of 
iron  into  the  interior  of  a  helix  sensibly  augments  it :  but  the 
more  so,  it  is  true,  as  this  mass  is  the  more  divided  parallel  to 
its  axis ;  this  is  exactly  what  is  found  with  currents.  Thus, 
when  referring  to  the  magnetisation  of  steel  needles,  the 
continuous  current  and  the  discharges  of  batteries  present 
phenomena  altogether  similar,  which  is  not  the  case  with 
physiological  effects.  Calorific  effects  are,  like  these  latter, 
diminished  by  the  introduction  of  iron,  whatever  be  its  form  ; 
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it  is  the  reverse  of  this  when  the  induction  is  produced  by  a 
continuous  current,  instead  of  being  by  a  discharge. 

To  sum  up,  when  we  operate  with  ordinary  electric  dis- 
cliargesy  the  introduction  of  a  solid  of  iron  into  one  of  the 
helices  of  the  differential  inductors  enfeebles  the  physiological, 
the  calorific,  and  the  tension  or  electroscopic  action  of  the 
discharge,  but  increases  its  effect  of  magnetisation. 

It  increases  all  the  effects,  without  distinction,  when  voltaic 
currents  are  employed. 

The  introduction  of  the  bundle  of  iron  wires  acts  like  the 
solid  mass  with  voltaic  currents.  It  also  increases,  m  the  case 
of  electric  discharges,  all  the  effects  save  the  calorific,  which 
it  diminishes. 

Finally,  when,  in  order  to  magnetise  iron,  instead  of  em- 
ploying currents  or  discharges  circulating  in  a  helix,  we 
bring  a  magnet  near  to  it,  we  do  not  increase  the  current  of 
induction  by  dividing  the  iron  into  wires ;  neither  do  we  see 
it  diminish,  when  these  wires  are  surrounded  by  a  conducting 
envelope.  This  is  because  magnetisation  by  the  magnet  does 
not,  like  that  by  the  helix,  determine  inductive  currents  around 
the  surface  of  the  magnet  or  the  envelope,  and  as  it  consists 
only  in  producing  magnetic  poles. 

M.  Dove  concludes,  therefore,  from  all  his  experiments, 
that  we  must  distinguish,  in  all  effects  relating  to  the  influence 
exercised  upon  induction  by  the  introduction  of  masses  of 
metal  into  the  interior  of  the  helices,  two  distinct  pheno- 
mena: 

1.  Those  that  are  due  to  the  magnetic  polarity  acquired 
by  these  masses  when  they  are  susceptible  of  becoming  mag- 
netised. 

2.  Those  that  are  due  to  induced  currents  developed 
around  their  surface  more  or  less  easily  according  to  their 
degree  of  conductibility,  and  their  greater  or  less  continuity. 

Magnetic  polarity  is  not  developed  instantaneously;  but, 
when  the  primitive  current  is  of  a  continuous  nature,  the 
magnetism  has  all  this  time  to  attain  its  maximum,  and  its 
inducing  action  easily  surpasses  the  contrary  action  exercised 
by  the  currents  that  are  induced  by  the  rupture  of  the  primitive 
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circuit  around  the  surface  of  the  iron.  Every  thing  that  can 
prevent  the  development  of  these  currents  increases  still 
more  the  effect  that  is  due  to  the  magnetism.  On  the  con- 
trary^ when  the  inducing  current  is  only  instantaneous,  like 
the  discharge  of  a  battery,  the  magnetism  not  having  time  to 
develope  itself  entirely,  the  direct  induced  currents  that  occur 
at  the  moment  when  the  discharge  ceases,  get  the  advantage 
over  the  contrary  action  due  to  the  magnetism  &at  is  disap- 
pearing. We  can  here  understand  also  that,  by  preventing 
the  formation  of  the  currents  either  by  the  employment  of 
metals  of  very  feeble  conducting  powers,  as  nickel,  or  by 
reducing  them  into  wires  of  very  small  diameter,  we  may 
entirely  invert  the  phenomenon  by  making  the  effect  due  to 
polarity  predominate  over  the  effect  that  has  become  null  or 
almost  null,  arising  from  induced  currents.  But  these  con- 
trary actions  are  not  in  equilibrio  at  the  same  time,  for  all  the 
kinds  of  effects,  because  these  effects  are  each  a  different 
function  of  the  quantity  of  electricity  set  in  motion  in  the 
induced  current,  and  of  the  duration  of  this  current,  which 
itself  depends  on  the  retardation  produced  by  the  current 
induced  around  the  surface  of  the  interior  metal. 

M.  Dove  conceived  the  idea  that,  by  preventing  the  in- 
duced currents  from  forming  around  other  metal  masses, 
besides  masses  of  non-magnetic  iron,  by  dividing  them  with 
this  view  into  very  fine  wires,  he  might  probably  make  them 
perform  in  induction  a  part  analogous  to  that  of  iron  wire 
approaching  it  in  intensity,  and  thus  discover  among  them 
traces  of  magnetism,  if  any  existed  in  them.  Antimony, 
lead,  bizmuth,  tin,  zinc,  and  mercury  gave  some,  as  did  also 
brass,  but  it  was  necessary  to  make  it  into  very  fine  and 
well-varnished  wires:  the  current  came  from  the  helix  in 
which  was  placed  a  packet  of  them,  the  other  containing 
nothing.  We  may  find  a  certain  diameter  of  the  wires  such 
that  they  compensate  each  other,  namely,  for  which  the 
effect  of  the  induced  current,  circulating  around  the  surface, 
neutralises  the  effect  of  the  magnetic  polarity  of  the  wire. 
The  mercury  was  placed  in  very  fine  glass  tubes,  closed  with 
wax,  and  sealed  at  the  two  ends.     All  the  other  wires  were 
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covered  with  a  coat  of  gum-lac  varnish,  so  as  to  be  insulated 
from  each  other.  We  should  add  that,  except  for  the  copper, 
zinc,  and  mercury,  it  was  not  perfectly  certain  that  the  metals 
contained  no  iron.  Moreover,  we  shall  see  in  the  following 
Chapter  proofs  of  another  kind  that  magnetic  power  is  much 
more  general  than  it  was  for  a  long  time  suspected,  and  that 
all  bodies  possess  it  in  different  degrees. 

It  still  remains  for  us  to  speak  of  the  special  study  made 
by  M.  Dove  on  inductive  currents,  that  occur  at  the  com- 
mencement and  at  the  end  of  a  primary  current,  in  the 
conductor  itself  that  transmits  the  current ;  he  termed  these 
currents  counter  currents,  to  distinguish  them  from  juxta- 
currents,  that  occur  in  circuits  parallel  to  the  inducing  circuit. 
With  this  view  he  employed  a  magneto-electric  machine, 
analogous  to  that  of  Saxton,  in  order  to  produce  the  primary 
currents,  which  were  naturally  instantaneous.  A  small  helix, 
the  spirals  of  which,  by  reacting  upon  each  other,  produced 
counter-currents,  was  placed  in  the  circuit.  The  apparatus 
was  so  arranged  that  the  circuit  might  be  closed  in  four 
modes:  1.  So  as  to  seize  the  primary  current  without  the 
helix  being  in  the  circuit;  2.  So  as  to  seize  it,  the  helix 
being  in  the  circuit,  consequently  with  the  two  counter- 
currents,  the  initial  and  the  final,  opposed ;  3.  So  as,  having 
the  helix  alone  in  the  circuit,  to  obtain  only  the  final  counter- 
current  ;  4.  So  as,  the  helix  being  in  the  circuit,  to  obtain 
only  the  primary  current  and  the  initial  counter-current. 
Callmg  p  the  primary  current,  A  the  initial  counter-current, 
and  E  the  final  counter-current,  we  obtain,  in  the  first  case, 
p  ;  in  the  second,  ^  —  A  +  E  (the  second  counter-current 
being  in  the  same  direction  as  the  primary);  in  the 
third  case,  E  alone ;  and  in  the  fourth,  p  —  A.  In  all  these 
cases,  experiment  showed  that  the  counter-cuirents  were 
subjected  to  the  same  influences  by  the  efiect  of  the  intro- 
duction of  metal  masses,  whether  magnetic  or  not,  whether 
divided  or  not,  as  are  juxta-currents  or  ordinary  inductive 
currents.  The  circumstances  that  cause  A  and  E  to  vary 
were  carefully  studied,  by  the  aid  of  physiological  efiects,  of 
the  galvanometer,  and  of  the  chemical  voltameter,  so  as  to 
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be  able  thoroughly  to  learn  the  action  of  je>  —  A,  and  the  more 
complex  action  of  p  —  A  +  E.  Now,  the  most  interesting 
result  of  this  work  is,  that  the  circumstances  that  cause  A  to 
vary  are  not  always  the  same  as  those  that  make  E  vary  ;  so 
that  A  and  E,  although  counter-currents  arising  irom  the 
same  primary  current,  are  not  generally  equal.  This  ex- 
plains why,  in  the  phenomena  of  induction,  produced  with 
ordinary  electricity,  A  and  E  are  not  completely  neutralised, 
as  the  short  duration  of  the  primary  current  p  might  have 
induced  us  to  believe. 

The  phenomena  discovered  by  M.  Dove  seem,  in  general, 
to  be  but  little  favourable  to  Amp&re's  hypothesis  of  the 
nature  of  magnetism ;  in  fact,  if  a  magnet  is  composed  of  an 
assemblage  of  electric  currents,  circulating  around  its  surface, 
how  comes  it  that  induction,  by  exciting  similar  currents  on 
the  surface  of  an  iron  cylinder,  counteracts  the  effect  that  the 
magnetic  virtue   of  this   same  cylinder  tends  to  produce? 
For  this,  there  must  needs  be  opposition  between  these  two 
kinds  of  action:  whence  it  follows  that  one  cannot  be  the 
cause  of  the  other ;    the  electric  current  and  magnetic  po- 
larity, developed  in  iron  by  electricity  in  motion,  are  there- 
fore two  distinct  agents,  capable,  sometimes  the  one,  sometimes 
the  other,  of  becoming  superior ;  being  able  exactly  to  pro- 
duce equilibrium  under  certain  circumstances,  but  always 
counteracting  each  other.     It  is  true  that  Amp^e  supposes 
that  the  currents,  to  which  the  polarity  is  due,  are  molecular, 
which  establishes  a  great  difference  between  them  and  the 
finite  currents  that  are  produced  by  induction  around  the 
surface  of  magnets.     In  this  case,  a  bundle  of  wire,  mag- 
netised by  the  current  that  traverses  the  helix,  approaches 
the  nearest  possible  to  Ampere's  solenoid.     But,  in  order  to 
represent  a  magnet,  the  conducting  envelope  would  be  ne- 
cessary, the  absence  of  which  establishes  so  great  a  difference 
between  the  action  of  a  bundle  and  that  of  a  solid  mass  of 
iron.     In  other  respects,  theory  and  experiment  have  proved 
that,  whether  molecular  or  not,  the  currents  of  which   a 
magnet  is  constituted  behave  like  an  assemblage  of  closed 
circuits,  circulating  around  its  surface.     How,  then,  can  it 
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happen  that  these  currents,  instead  of  favouring,  oppose  the 
effect  of  similar  currents  produced  by  induction  ? 

In  order  to  resolve  this  difficulty,  we  must,  in  fact,  admit 
that  there  is  a  very  great  difference  between  Amp^e's  mo- 
lecular currents  that  produce  magnetisation,  and  the  finite 
currents  that  traverse  a  conducting  surface.  This  difference 
consists  essentially,  as  we  think,  in  that  the  molecular  cur- 
rents pre-exist  in  the  particles  of  the  magnetic  body,  even 
before  it  is  magnetised ;  and  that  magnetisation  only  displaces 
the  particles,  so  that  all  these  currents  have  the  same  di- 
rection,— ^the  given  direction,  according  to  the  laws  of  electro- 
dynamics. This  displacement  of  molecules  is  analogous  to 
that  of  a  movable  conductor  traversed  by  a  current,  and 
upon  which  an  exterior  attractive  force  is  acting.  We  have 
already  seen  that  all  circumstances,  and  especially  the  calorific 
and  mechanical  actions,  that  favour  magnetisation,  whatever 
be  the  cause  producing  it,  are  favourable  to  this  opinion. 
But  the  inductive  current  is  quite  another  thing ;  it  is  a  current 
that,  by  the  effect  of  an  exterior  cause,  circulates  instan- 
taneously upon  a  surface,  as  would  any  other  current  to  which 
it  might  serve  as  a  conductor,  and  this  without  displacing  the 
particles.  The  mode  of  the  establishment,  as  well  as  the 
duration  of  these  two  species  of  currents,  must  be  very 
different  We  may,  therefore,  very  well  conceive  how  the 
primitive  discharge,  by  acting  directly  upon  the  iron,  compels 
the  molecular  currents  to  arrange  themselves  parallel  to  its 
direction,  and  in  the  same  direction  with  it ;  and  how  this 
same  discharge  produces  a  secondary  current  in  the  exterior 
helix,  and  finally,  by  induction,  an  instantaneous  current 
upon  the  surface  of  the  iron.  This  current  reacts  upon  that 
of  the  induced  helix,  by  developing  in  it  one  moving  in  a 
contrary  direction  to  that  which  is  traversing  it;  it  di- 
minishes, therefore,  the  power  of  this  latter,  as  experiment 
proves,  but  it  diminishes  it  only  for  effects  that  require  a 
great  velocity  in  the  circulation  of  the  discharge.  With 
regard  to  the  molecular  currents  that  constitute  magnetisation, 
they  must  tend,  not  to  diminish,  but  to  augment,  the  effects 
of  induction  in  all  cases,  since  they  augment  only  the  first 
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effect  of  the  primitive  discharge^  seeing  that  they  do  not 
disappear  sufficiently  quickly  to  produce  a  second  inductive 
current  opposed  to  the  first.  It  is  easy  now  to  understand 
why,  on  making  the  superficial  currents  disappear  by  the 
mechanical  division  of  the  mass,  still,  however,  preserving  the 
molecular  currents  that  constitute  magnetisation,  we  in  all 
cases  add  force  to  the  inductive  current,  the  cause  tending 
to  diminish  it  being  no  longer  there.  There  is  but  a  single 
exception ;  it  is  relative  to  the  calorific  effects,  and  is  due, 
probably,  to  the  fact,  that,  as  magnetisation  is  not  brought 
about  instantaneously,  it  prolongs  the  duration  of  the  induced 
discharge,  still,  however,  increasing  its  intensity; — a  double 
contrary  action,  the  result  of  which  is  to  diminish  the  calorific 
power,  upon  which,  as  we  shall  see,  the  velocity  of  the  dis- 
charge has  an  influence  proportionately  greater  than  its  in* 
tensity  has. 


General  Considerations  on  Induction. 

We  shall  not  terminate  the  Chapter  on  Induction  without 
speaking  of  the  works  of  the  two  German  philosophers,  MM. 
Weber  and  Neumann,  who  have  taken  up  this  subject  in  a 
general  manner  in  endeavouring,  both  by  means  of  experiment 
as  well  as  by  calculation,  to  connect  the  phenomena  of  induced 
currents  with  the  laws  by  which  electro-dynamic  actions  in 
general  are  governed.  M.  Weber,  in  an  important  work*, 
has  treated  this  question  in  a  very  profound  manner ;  and  in 
particular  has  made  some  interesting  approximations  between 
the  effects  of  ifiduction,  resulting  from  the  relative  movement 
of  a  conductor  and  a  magnet,  and  the  mutual  action  of  a 
magnet  and  a  current.  We  shall  quojbe,  as  an  example,  the 
following  experiment,  which  is  a  modification  of  one  of 
Faraday's :  — 

The  English  philosopher,  as  the  result  of  a  series  of  ex- 
periments, had  been  led  to  observe  that  an  induced  current 

*  Eiectro-dynamische  Maasbestimmungen ;  von  W.  Weber.    Leipsig,  1846. 
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may  be  developed  in  the  metal  substance  of  the  very  magnet, 
that  is  employed  for  producing  the  induction.  He  first  fixed 
a  copper  disc  to  the  extremity  of  a  magnet,  separating  it  from 
the  metal  by  paper  interposed;  the  magnet  and  the  disc  were 
set  in  rotation  together,  and  the  ends  of  the  galvanometer 
come,  one  to  the  centre,  the  other  to  the  circumference,  of 
the  disc.  The  direction  and  intensity  of  the  current  were 
the  same  as  if  the  disc  alone  had  been  made  to  rotate,  the  mag- 
net remaining  stationary.  By  enveloping  the  magnet  towards 
one  of  its  extremities  with  a  cylinder  of  brass,  which  covered 
it  nearly  to  the  middle  of  its  length,  but  which,  by  means  of 
interposed  paper,  had  no  metal  contact  with  it,  still  remaining 
solidly  fixed  to  it,  the  same  effects  were  obtained  as  with  the 
disc,  namely,  the  same  as  if  the  cylinder  alone  had  rotated, 
and  the  magnet  had  remained  at  rest.  Finally,  by  plunging 
the  magnet  itself  vertically  in  mercury  to  about  the  half  of 
its  length,  and  making  it  rotate  rapidly  upon  its  axis,  a 
current  was  obtained,  when  one  of  the  ends  of  the  galvano- 
meter was  introduced  into  the  mercury,  and  the  summit  of 
the  magnet  was  touched  with  the  other,  by  means  of  a  small 
cavity,  filled  with  mercury,  that  is  formed  in  the  centre  of  its 
upper  surface,  and  into  which  the  extremity  of  the  galvano- 
metric  wire  penetrates.  The  current  has  still  the  same 
direction ;  a  proof  that  the  surface  itself  of  the  magnet  here 
plays  the  same  part  as  was  played,  in  the  preceding  ex- 
periment, by  the  brass  cap  with  which  it  was  covered. 
However,  we  may  to  a  certain  point  attribute  the  effect 
observed  to  the  induction  exercised  by  the  central  parts  of 
the  magnet  upon  the  surface  of  the  ambient  mercury. 

M.  Weber's  experiment  differs  from  those  of  Faraday  in 
that  the  magnet,  being  arranged  so  as  to  rotate  on  its  hori- 
zontal axis,  carries  a  metal  disc,  through  which  it  passes 
tightly,  and  which  can  be  slipped  so  as  to  be  placed  upon 
different  sections  of  the  magnet.  This  disc  is  plunged  by  its 
lower  part  in  a  cup  full  of  mercury,  into  which  is  inserted 
one  of  the  ends  of  the  galvanometer  wire,  whilst  the  other 
communicates  with  the  axis  of  the  magnet  itself  (Fig.  155.). 
On  making  the  magnet  rotate  upon  its  axis,  a  continuous 
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current  is  obtained^  the  direction  of  which  depends  upon  that 
of  the  rotation^  and  the  intensity  of  which  varies  propor- 


Fig,  155. 

tionatelj  with  the  velocity  of  this  rotation.  But  the  intensity 
depends  also  essentially  upon  the .  power  of  the  magnet^  and 
especially  upon  the  distribution  assumed  by  the  magnetism  in 
it:  for  it  greatly  changes,  according  as  the  magnet  that 
serves  for  the  operation  is  subjected  or  not,  at  its  two  ex- 
tremities, to  the  action  of  the  contrary  poles  of  two  powerful 
auxiliary  magnets  that  are  brought  near  to  it.  The  length 
of  the  space  on  the  surface  of  the  magnet,  and  parallel  to  its 
axis,  has  no  sensible  influence  over  the  force  of  the  current. 
For  this  force  is  the  same  when,  the  brass  disc  being  fixed  at 
one  or  other  of  the  two  extremities  of  the  magnet,  the  end  of 
the  galvanometer  not  in  communication  with  the  disc  is 
placed  in  contact  with  the  north  end  and  with  the  south  end, 
that  is  to  say,  with  that  which  is  nearest  to,  or  with  that 
which  is  most  distant  firom^  the  disc  However,  the  absolute 
effect  is  less  considerable  in  this  case,  than  it  is  when  the 
brass  disc  is  in  the  middle  of  the  magnet 

It  is  difficult  for  us  to  admit,  with  Weber  and  Faraday, 
that  the  induction  currents,  which  are  produced  in  the  pre- 
ceding experiment,  are  upon  the  surface  of  the  magnet  in 
rotation ;  there  can,  in  fact,  be  no  induction  by  the  influence 
of  the  magnet  that  is  rotating  upon  points  of  its  own  surface, 
which  all  preserve  during  the  motion  the  same  relative  position 
in  respect  to  the  axis,  and  especially  in  respect  to  the  magnetic 
In  the  same  manner  as,  in  the  experiment  of  the 
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rotation  of  the  magnet  on  its  axis,  under  the  influence  of 
electric  currents,  that  are  traversing  it,  the  cause  of  the 
motion  rests  solely  (p.  259.)  in  the  action  of  the  portion  of  the 
circuit  which  is  independent  of  the  magnet,  and  consequently 
immovable ;  so  likewise  in  the  present  instance  the  induced 
current  can  be  produced  in  that  part  alone  of  the  conductor 
which  does  not  participate  in  the  motion  of  the  magnet.'  The 
fact  that  the  direction  of  the  current  depends  alone  on  that 
of  the  rotation,  and  that  it  is  independent,  as  well  as  the 
intensity  is,  of  the  part  of  the  surface  which  is  in  communi- 
cation with  one  of  the  extremities  of  the  fixed  conductor, 
whose  other  extremity  is  at  the  end  of  the  axis,  shows  clearly 
that  the  effect  observed  is  the  result  of  the  inductive  action 
exercised  upon  the  conductor  by  the  collection  of  currents,  of 
which,  according  to  Ampere's  theory,  the  magnet  is  constituted; 
a  phenomenon  altogether  analogous  to  what  occurs,  according 
to  Faraday  and  Nobili,  in  a  metal  disc,  above  or  beneath 
which  a  magnet  is  made  to  rotate. 

Further :  M.  Weber  himself,  in  including  under  a  self-same 
theory  the  phenomenon  of  static  electricity  and  those  of  dy- 
namic electricity  and  of  induction,  has  endeavoured  to  show 
that  the  latter  were  the  consequence  of  the  movement  of 
translation  of  the  electric  particles,  which  give  rise  to  four 
forces  (two  attractive  and  two  repulsive)  in  the  case  of  two 
conductors  each  traversed  by  a  current,  itself  composed,  ac- 
cording to  M.  Weber,  of  elementary  currents,  the  one  of 
positive,  the  other  of  negative  electricity.  In  considering  the 
electro-dynamic  action  of  two  elements  as  the  restdtant  of 
four  forces,  he  was  led  by  this  idea,  which  had  already  been 
put  forth  in  a  very  ingenious  manner  by  Professor  Prevost 
of  Geneva*,  to  the  same  formula  that  Amp^  had  found 
for  expressing  the  mutual  action  of  the  two  elements  of  the 
current  In  order  to  explain  induction,  M.  Weber  supposes 
that  an  element  of  the  conductor  without  a  current  is  moved 
in  presence  of  a  fixed  conductor,  traversed  by  a  current. 
The  same  four  forces  are  in  this  case  in  action,  only  the 

♦  Biblioth<^ue  Universelle  de  Geneve,  t  xxl  p.  178.  (1822.) 
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Telocity  of  the  electricities  in  the  induced  conductor^  instead 
of  being  that  of  a  current,  is  that  of  the  conductor  itself;  it  is 
thus  the  same,  and  occurs  in  the  same  direction,  for  the  two 
electric  fluids,  instead  of  being  in  a  contrary  direction,  as  in 
the  inducing  wire.  In  this  case  the  formula  gives  for  the 
electro-dynamic  action  a  null  result,  which  ought  to  be  the 
case,  fer  there  is  no  production  of  mechanical  movement ;  but, 
if  we  calculate  the  energy  with  which  the  inducing  element 
tends  to  separate  the  two  electricities  in  the  induced,  we  find 
that  it  is  expressed  by  the  difference  between  the  two  equal  and 
contrary  forces,  to  which  each  of  the  elements  of  the  induced 
are  subjected  on  the  part  of  the  inducing  current, — forces, 
whose  sum  or  resultant  is  null,  as  we  have  just  seen,  but 
whose  difference  is  2  /,  by  calling  one  +  /,  and  the  other  —  /. 
If  we  decompose  this  force  2  /  into  two  others,  the  one  per- 
pendicular, the  other  parallel  to  the  induced  wire,  the  former 
IS  destroyed :  the  latter,  which  M.  Weber  calls  electr<hmotive 
force,  produces  a  current,  which  'lasts  as  long  as  the  motion  of 
the  wire  continues ;  this  is  the  iiiciwolHPe  Current  M.  Weber 
has  also  observed  and  verified  several  experimental  laws,  and 
perfectly  agrees  with  Neumann  as  far  as  concerns  the  in- 
duction exercised  by  a  closed  circuit;  the  only  one,  moreover, 
that  can  be  obtained  directly. 

Neumann  succeeded  in  calculating  this  latter  action,  setting 
out  from  a  less  theoretical  point  of  view  than  Weber ;  to  wit, 
simply  that  electro-dynamic  action  and  inductive  action  are 
sufficiently  connected  with  each  other,  both  in  respect  to  their 
value  and  in  respect  to  their  direction,  that  we  may  suppose 
that  the  electro-motive  force  produced  by  the  motion  of  an 
induced  element  is  proportional  to  the  electro-dynamic  action 
that  it  would  receive  from  the  inducer,  decomposed  according 
to  the  direction  of  its  velocity,  and  multiplied  by  this  latter. 
It  is  very  remarkable  that  Weber  had  arrived  at  the  same 
result  by  an  entirely  different  train  of  ideas ;  and  we  may 
hence  deduce  the  following,  which  is  no  longer  a  simple  em* 
pirical,  but  rather  a  mathematical  law ;  namely,  that  whatever 
be  the  cause  of  the  electro-dynamic  action  of  two  currents,  if 
to  explain  the  induction  experienced  by  a  conductor  when  ia 
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motion^  it  is  considered  as  a  current  in  which  both  the  elec- 
tricities travel  in  the  same  direction,  it  is  evidently  natural  to 
suppose  that  the  electro-motive  force  is  then  proportional  to 
the  electro-dynamic  force  exercised  by  the  inducer  upon  a 
current  having  this  same  direction. 

There  exists,  as  we  have  just  seen,  as  well  in  the  theo'^ 
retical  view  as  the  experimental  relation,  a  remarkable 
analogy  between  electro-dynamic  actions  and  the  phenomena 
of  induction,  an  analogy  which  consists  essentially  in  this 
reciprocity,  namely,  that  the  former  produce  a  mechanical 
movement,  and  that  the  latter  are  engendered  by  a  move- 
ment From  this  difference  there  results,  in  the  consider- 
ation of  induced  currents,  an  important  element  that  has 
no  existence  in  the  others ;  it  is  the  velocity  of  the  move- 
ment necessary  for  their  production,  an  element  that  has 
essentially  served  as  a  basis  to  the  calculations  of  Weber  and 
Neumann.  Experiment  had  already  proved  its  importance^ 
by  showing  that  the  intensity  of  an  induced  current  is  the 
more  considerable  as  the  velocity  of  the  induced  conductor 
is  greater. 

As  far  back  as  1847,  I  had  studied  {Mhi.  de  la  Soc.  de 
Phys,  et  de  VHist  Nat,  de  G^nhe,  t  ix.  p.  191.)  this  in- 
fluence of  velocity  with  one  of  Saxton's  machines  {Fig.  145.)^ 
which  gives  the  two  induced  currents,  the  inverse  and  the 
direct;  and  I  discovered  that  the  rapidity  of  the  rotation 
increases  the  energy  of  the  action,  either  because  there  is  in 
the  same  time  production  of  a  greater  number  of  currents,  or 
because  each  of  them  is  individually  more  intense.  Thus, 
when  there  were  28  currents  per  second,  it  required  only  462 
in  order  to  liberate  in  the  voltameter  the  same  quantity  of 
gases,  which  would  have  required  1050,  when  there  were 
only  14  per  second.  By  placing  the  helix  of  a  Br^uet's 
thermometer  in  the  circuit  (Fig.  21.,  p.  33.),  it  indicated 
successively  7°,  55°,  100%  and  133%  for  velocities  of  rotation, 
such  that  there  were  first  2,  then  10,  then  20,  and  then  40 
currents  per  second.  However,  I  remarked  that  this  in- 
fluence of  velocity  is  not  the  same  for  every  kind  of  effects 
and  of  conductors  ;  and  that,  in  certain  cases,  there  are  limits 
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beyond  which  it  tends  to  diminish,  rather  than  to  increase,  the 
intensity  of  the  action* 

M.  Lenz  observed,  in  1841,  that  there  is  in  fact  a  maximmn 
in  the  intensity  of  the  current,  which  is  not  simply  a  function 
of  the  velocity  of  the  rotation  of  the  magneto-electric  machine. 
He  found,  as  I  had  also  observed,  that  the  manner  in  which 
the  conducting  wires  are  placed  in  respect  to  each  other,  and 
the  resistance  of  the  system  that  is  to  be  traversed  by  the 
current,  determine  the  maximum  of  induction  for  very  dif- 
ferent velocities.    If,  for  example,  we  connect  with  each  other 
the  wires  of  six  bobbins,  so  that  their  total  length  is  traversed 
by  the  induced  current,  a  moderate  velocity  is  sufficient  to 
obtain  the  mftYimnm  induction ;  it  is  not  the  same  if  the  six 
bobbins  are  separated,  so  that  each  of  them  is  traversed  by 
only  a  sixth  part  of  the  current  which  is  distributed  among 
them«     We  then,  by  greatly  increasing  the  rapidity  of  the 
rotation,  succeed  in  obtaining  a  current  which  has  a  force 
six  times  greater  than  in  the  former  case.     According  to 
M«  Lenz,  this  maximum  is  due  to  the  secondary  magnetisation 
which  the  induced  currents  impress  upon  the  same  masses  of 
iron  to  which  they  owe  their  origin,  by  the  effect   of  the 
momentary  magnetism  that  they  acquire  in  passing  before  the 
poles  of  the  magnet     This  reaction  of  the  permanent  mag- 
netism upon  itself  is,  in  fact,  often  felt,  and  it  is  especially 
sensible  in  machines,  in  which  the  inducing  magnetism  is 
produced  by  an  electric  current  {Fig.  147.).     However,  by 
suitably  arranging  the  commutator,  we  may  protect  ourselves 
from  its  effects ;  and,  in  this  respect,  M.  Lenz  gives  some 
practical  rules,  which  each  experimentalist  may  establish  for 
his  own  apparatus. 

A  circumstance  which  must  play  a  great  part  in  the  in- 
fluence that  is  exercised  by  the  velocity  of  rotation  over  the 
intensity  of  the  induced  currents,  is  the  time  of  greater  or  less 
duration,  and  never  null,  that  soft  iron  requires  for  being 
magnetised  and  demagnetised.  In  this,  also,  is  the  cause  of 
theylmfe,  although  very  short  duration  of  currents  induced  in 
this  manner.  In  fact,  although  we  have  said  that  the  in- 
ductive currents  were  instantaneous,  they  are  not  completely 
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SO,  at  least  not  always;  and  we  must  distinguish  those 
which  are  really  so  from  those  which  we  might  call 
temporary^  because  they  last  for  a  very  short  time  it  is 
true,  but  still  an  appreciable  time.  We  may  easily  distin- 
guish them,  in  that  the  former  cannot  act  like  the  latter 
upon  the  magnetised  needle  of  the  galvanometer,  on  account 
of  its  inertia,  and  in  that  they  are  manifested  essentially  by 
the  physiological  shock  and  by  the  spark.  Among  the  causes 
that  determine  one  or  other  kind  of  currents,  besides  those 
which  are  due  to  their  origin,  we  may  point  out  the  influence 
of  the  nature  of  the  circuit  that  is  to  be  traversed  by  them, 
which  may  cause  an  originally  temporary  current  to  become 
an  instantaneous  one.  In  fact,  if  the  circuit  contains  an  im- 
perfect conductor,  such  as  the  human  body,  the  induced 
current,  instead  of  passing  away  in  proportion  as  it  is  pro- 
duced, will  not  be  projected  onward  until  the  instant  when 
it  shall  have  acquired  the  intensity  necessary  for  traversing 
the  imperfect  conductor;  and  consequently  it  will  be  alto- 
gether instantaneous.  We  further  refer  to  M.  Dove's  experi- 
ments, which  we  have  already  given  in  detail  (p.  419.  et  seq.)* 
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CHAP.   VI. 
ACTION  OF  MAQNETISM  UPON  ALL  BODIES. 

Notions  relative  to  an  Action  of  the  Magnet  upon  aU  Bodies 
other  than  that  arising  from  Induction. 

One  of  the  circumstances  that  have   constantly  been  the 

I       greatest  characteristics  of  magnetism  is  its  speciality ;  namely^ 

I       the  small  number  of  bodies  capable  of  being  magnetised  or 

influenced  by  the  magnet     Iron  and  steely  and  then  more 

,       recently  nickel  and  cobalt,  have  for  a  long  time  been  con- 

j        sidered  as  the  only  substances  susceptible  of  acquiring  and  of 

J       manifesting  magnetic  properties.     The  discovery  of  magnetism 

by  rotation  seemed  at  first  to  be  about  to  change  this  opinion ; 

^        but  the  fact  that  motion  was  necessary  in  order  to  there  being 

action  of  any  body  upon  a  magnet  is  sufficient  to  show  that  a 

veritable  magnetic  action  was  not  in  operation  in  this  case,  since 

the  body,  when  at  rest,  exercised  no  effect     Moreover,  the 

explanation  of  the  phenomena  by  the  production  of  inductive 

currents  soon  connected  it  with  another  order  of  facts. 

The  universality  of  magnetism,  that  is  to  say,  the  dispo- 
sition of  all  bodies,  as  well  as  iron,  cobalt,  and  nickel,  to 
obey  the  influence  of  a  magnet,  in  order  to  be  demonstrated, 
must  be  manifested  directly  by  an  action  of  some  kind  exer- 
cised, by  a  magnet  at  rest,  upon  a  body  in  like  manner  at 
rest  Otherwise,  we  may  always  fear  that  the  actions  we 
take  for  magnetic  phenomena  may  be  simply  the  effects  of 
induction. 

Induction,  or,  to  speak  more  correctly,  induced  currents, 
may  in  fact  give  rise  to  motions.  Thus,  for  example,  if  I 
place  above,  but  between  the  poles  of  a  powerful  electro- 
magnet, the  two  branches  of  which  are  vertical,  a  copper  ring 
from  4  to  6  inches  in  diameter,  made  from  a  very  thin  plate, 
iffld  less  than  half  an  inch  wide,  consequentry  very  light  and 
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delicately  suspended^  I  can  excite  in  it  indactive  currents  hy 
magnetising  and  demagnetising  the  electro-magnet  bj  means 
of  a  voltaic  current ;  and  I  have  the  proof  of  the  existence  of 
these  currents  by  the  movements  this  ring  executes  under  the 
influence  of  the  magnetic  poles.  These  movements  become 
still*  more  sensible  if  the  ring  is  surrounded  by  a  belt  of  very 
powerful  voltaic  currents  transmitted  through  a  copper  wire 
covered  with  silk^  and  making  several  circular  convolutions. 
We  then  see  it  obey  the  action  of  these  currents^  as  if  it 
formed  itself  a  part  of  the  electric  circuit;  a  proof  that^ 
under  the  influence  of  the  electro-magnet^  it  is  traversed  by 
an  inductive  current^  which  its  own  movement  renews  at 
each  instant  In  order  to  satisfy  ourselves  that  we  must 
attribute  the  effect  observed  to  tiiis  cause^  we  may  cut  the 
ring  anywhere  in  its  circuity  and  join  the  two  ends  by  an  in- 
sulating substance.  There  is  no  longer  any  action,  because 
the  current  can  no  longer  circulate,  and  consequently  cannot 
be  established;  but  immediately  the  two  ends  touch  each 
other,  by  communicating  together  by  a  good  conductor,  the 
action  recommences. 

Furthermore,  a  French  philosopher,  M.  Lallemand,  suc- 
ceeded in  demonstrating  in  a  direct  manner  that  the  instan^ 
taneous  currents  produced  by  induction  attract  or  repel  each 
other  as  do  continuous  currents ;  and,  according  to  the  same 
laws,  he  even  observed  that  tertiary  currents,  which  produce 
no  appreciable  deviations  in  the  galvanometer,  act  very 
powerfully  upon  each  other  either  by  attraction  or  repulsicm* 
The  action  of  the  inducing  upon  the  induced  current  presents 
some  remarkable  peculiarities,  which  I  have  also  had  occasion 
Jto  verify  in  the  experiments  with  the  electro-magnet  tiiat  I 
have  reported  above.  The  movable  circuit  is  energetically 
repelled,  although  it  is  traversed  by  the  two  direct  and 
inverse  induced  currents.  It  would  seem  to  result  from  this, 
that  the  inducing  current  acts  by  repulsion  equally  upon  both 
the  induced  currents.  But  the  experiment  made  with  the 
two  induced  currents  separately  shows  that  there  is  still  re- 
pulsion when  the  inverse  current  is  passing,  and  attraction 
when  the  direct  current  is  passing,  as  ought  to  occur,  ac* 
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cording  to  Amp^'s  laws ;  only  the  repulsion  is  more  ener- 
getic than  the  attraction^  which  explains  the  resnlt  of  the 
preceding  experiment  This  difference  in  the  effect  of  the 
same  inducing  current  upon  the  two  induced  currents  that 
are  really  equals  arises  from  this,  —  that  the  inducing  cur- 
rent, whilst  it  is  acting  upon  the  inverse  current,  gradually 
increases  its  intensity;  whilst,  when  it  is  acting  upon  the 
direct  current,. it  in  like  manner  gradually  diminishes  it;  the 
former  action  occurring  at  the  establishment  of  the  circuit, 
and  the  latter  at  its  rupture.  It  necessarily  follows  from 
this,  that  the  former  must  be  more  powerful  than  the  latter ; 
for  the  inducing  current  acts  upon  the  inverse  induced  current 
during  the  whole  time  of  its  duration,  which  does  not  occur 
to  the  direct  one,  which  lasts  only  for  a  few  instants  after  the 
inducing  current  has  ceased.  Moreover,  the  action  of  a 
current  upon  one  or  other  of  its  induced  currents  is  propor- 
tional to  its  intensity,  which  famishes  a  confirmation  of  the 
law  demonstrated  by  M.  Abria,  that  there  is  a  constant 
relation  between  the  intensity  of  the  inducing  and  that  of  the 
induced  current 

We  see,  from  the  preceding  remarks,  that  we  must  not 
employ  the  method  of  oscillations  in  order  to  prove  whether  a 
non-magnetic  body  is  or  is  not  susceptible  of  being  influenced 
by  a  magnet ;  for,  as  soon  as  there  is  motion,  there  may  be 
production  of  induced  currents ;  and  the  effect  observed  is  of 
quite  another  nature. 

Coulomb,  who  was  one  of  the  first  that  endeavoured  to 
discover  traces  of  magnetism  in  non-magnetic  bodies,  found 
that,  by  giving  to  these  bodies  the  forms  of  small  bars,  two  or 
three-tenths  of  an  inch  long,  and  y^^F^^  ^^  ^^  ^^"^  ^  thick- 
ness, and  by  suspending  them  to  a  silk  thread  without  torsion 
between  the  opposite  poles  of  two  powerful  magnets,  they  all 
placed  themselves  in  the  direction  of  these  magnets ;  and  that, 
if  they  were  turned  aside,  they  were  always  brought  back  after 
a  certain  number  of  oscillations.  This  effect  was  probably 
due  to  excessively  small  quantities  of  iron  diffused  indistinctly 
in  the  bodies,  and  not  to  a  particular  property.  Such,  at 
least,  was  Coulomb's  opinion ;  who  found,  for  example,  that  in 
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a  small  silver  needle  submitted  to  experiment,  iWttv  ^^  "^^ 
was  sufficient  for  it  to  experience  the  influence  of  magnets* 
It  is  probable  that  this  same  was  the  cause  of  the  phenomena 
observed  by  Coulomb,  although,  however,  there  actually  is  a 
proper  action  exercised  by  magnets  upon  all  bodies ;  but  this 
action  does  not  produce  the  same  effects  upon  all,  —  a  proof 
that,  in  what  we  have  just  related,  it  was  indeed  the  presence 
of  iron  that  was  the  predominant  cause  of  the  phenomenon. 

M.  Becquerel  obtained,  long  after  Coulomb,  but  a  short 
time  before  Oersted's  discovery,  some  curious  results  by  sub- 
mitting different  substances  to  the  action  of  very  energetic 
electric  currents,  or  very  powerful  magnets.  Having  ob- 
served that  a  soft  iron  needle  freely  suspended  in  the  interior 
of  a  galvanometer,  places  itself,  as  might  have  been  suspected, 
perpendicularly  to  die  coils  of  the  wire,  by  virtue  of  the  mag- 
netisation that  it  acquires,  he  put  in  place  of  it  a  small  car- 
tridge filled  with  very  fine  filings  of  cast  iron,  which  conducted 
itself  in  like  manner.  But,  having  filled  the  cartridge  with 
deutoxide  of  iron,  he  found  that  things  were  widely  altered^ 
This  cartridge,  about  y^^  in.  in  diameter,  being  conveniently 
suspended,  and  subjected  to  the  influence  of  the  current,  was 
rapidly  attracted  in  the  plane  of  the  apparatus ;  and,  after  a 
few  oscillations,  placed  itself  in  a  direction  parallel  to  the 
coils  of  the  wire.  If  the  pole  of  a  magnet  were  presented  to 
the  cartridge  of  deutoxide  of  iron  whilst  it  is  under  the  in- 
fluence of  the  current  of  the  galvanometer,  the  pole  is  seen 
to  act  in  the  same  manner  on  all  the  points  that  are  situated 
on  the  same  side  of  the  galvanometer.  The  pole  of  the 
magnet  being  changed,  the  effect  is  inverted.  Thus,  all  the 
north  magnetism  of  the  cartridge  is  on  one  longitudinal  side 
of  its  axis,  and  all  the  south  magnetism  on  the  other ;  a  dis- 
tribution of  magnetism  the  reverse  of  that  which  commonly 
occurs  in  magnetic  bodies.  Needles  of  copper,  wood,  and 
gum-lac  appeared  to  experience,  on  the  part  of  the  current, 
the  same  kind  of  action  as  cartridges  filled  with  deutoxide  of 
iron,  only  in  a -much  less  degree.  But  the  effect  is  so  slightly 
marked,  and  the  experiment  so  delicate,  that  its  results  may 
seem  dubious. 
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By  submitting  yarious  substances  to  the  action  of  powerful 
magnets^  M. Becquerel  observed  analogous  effects:  namely, 
he  found  that  in  bodies,  such  as  steel  and  soft  iron,  the  distri- 
bution of  magnetism  always  occurs  in  the  direction  of  their 
length ;  whilst  in  others,  such  as  deutoxide  and  tritoxide  of 
iron,  wood,  gum-lac,  it  most  frequently  occurs  in  the  direction 
of  their  width.  The  following  is  a  curious  experiment  A 
wooden  needle  1^  in.  in  length  is  placed  between  the  two 
opposite  poles  of  two  powerful  magnets,  the  extremities  of 
which  are  about  y\j  in.  apart,  and  its  point  of  suspension  is  as 
near  as  possible  to  the  interval  by  which  they  are  separated* 
The  needle  then  places  itself  perpendicularly  to  the  line  that 
joins  the  poles,  instead  of  placing  itself  in  the  same  direction^ 
as  did  a  cartridge,  containing  a  mixture  of  deutoxide  and  tri- 
toxide of  iron,  or  deutoxide  alone.  But  if  the  poles  of  the 
bar  are  drawn  apart,  the  wooden  needle  finally  places  itself  in 
the  same  line  as  the  poles.  A  gum-lac  needle  presents  the 
same  phenomenon,  but  in  a  less  degree.  It  is  impossible  to 
recognise  the  transverse  polarity  with  these  different  sub- 
stances as  it  was  recognised  in  the  cartridge  of  deutoxide  of 
iron,  or  in  that  containing  a  mixture  of  deutoxide  and  tritoxide. 

Another  remarkable  form  under  which  the  mutual  in- 
fluence of  magnetism  and  non-magnetic  bodies  may  be 
manifested,  is  tliat  which  M.  Arago  observed,  when  making 
a  horizontal  magnetised  needle  oscillate  above  different 
substances  that  are  non-conductors  of  electricity;  and  in 
which,  consequently,  the  inductive  currents  could  not  be  set 
up.  Thus,  over  a  plane  of  ice,  a  magnetised  needle,  in  order 
that  its  deviation  should  be  reduced  from  53^  to  43^,  made 


26  oscilUUons  at 

■0275  inches  distance, 

M 

•0496      „ 

«6 

12-7850     „ 

60 

201140      „ 

Over  a  plane  of  crown  glass,  another  needle,  in  order  to 
reduce  its  deviation  from  91**  to  41°,  made 

122  oscillations  at  '0368  in.  distance. 
180  „  -0389  „         „ 
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208  oscillations  at  '1196  in.  distance. 
220  „  -1578  „        „ 

These  great  diflferences  in  the  number  of  oscillations  made 
by  the  same  needle  under  the  same  circumstances,  but  at 
diflferent  distances  from  the  plane  of  ice  or  glass,  evidently 
prove  the  mutual  influence  of  each  of  these  substances  upon 
the  magnetised  needle. 

Finally,  an  important  fact  is  the  repulsion,  first  observed 
by  Brugmanns,  and  then  more  recently  by  Lebaillif,  exercised 
by  bismuth  and  antimony  upon  the  pole  of  a  magnetised 
needle.  Endeavours  were  made  to  connect  this  fact  with  a 
general  law ;  namely,  with  a  mutual  repulsion  exercised  be- 
tween bodies  by  the  eflfect  of  any  radiation,  such  as  calorific 
radiation ;  but  carefully  conducted  experiment  has  shown  that 
the  necessary  condition  of  the  phenomenon  was  that  the  needle 
should  be  magnetised,  and  that,  consequently,  it  depended 
upon  magnetism,  and  not  upon  causes  foreign  to  this  agent. 

Distinction  of  Bodies  into  magnetic  and  diamoffnetic. 

The  facts,  that  we  have  been  relating,  would  seem  to  prove 
that  the  magnet  exercises  upon  the  different  bodies  in  nature 
an  action  that  is  neither  analogous  to  that  which  it  exercises 
upon  magnetic  bodies,  nor  is  it  an  action  due  to  induction. 
But  these  were  isolated  facts,  and  did  not  appear  subject  to 
any  laws;  and  it  is  to  Faraday  that  we  are  indebted  for 
having  established  them  in  a  positive  manner,  and  at  the 
same  time  for  having  brought  them  under  one  general 
principle. 

The  learned  English  philosopher,  as  the  result  of  researches 
relating  to  the  influence  exercised  by  magnetism  over  a 
polarised  ray  of  light,  transmitted  through  certain  transparent 
substances  placed  under  the  action  of  a  powerfiil  electro- 
magnet, researches  of  which  we  shall  speak  ftirther  on, 
endeavoured  to  submit  to  the  directive  action  of  the  electro- 
magnet the  same  transparent  substances ;  and  he  thus  arrived 
at  a  remarkable  discovery.  The  transparent  substance  that 
he  principally  employed,  and  which  is  most  suited  to  the 
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manifestation  of  phenomena  of  this  kind,  is  a  particular  glass 

of  a  yellowish  colour,  prepared  by  Mr.  Faraday  himself  with 

a  view  to  optical  purposes,  and  which  he  named  heavy  glass 

on  account  of  its  great  density ;  it  is  a  boro-silicate  of  lead. 

A  prism  of  this  glass  two  inches  in  length,  with  a  section 

of  one-fifth  of  an  inch,  is  suspended  horizontally,  by  means  of 

a  waxed  silk  thread,  above  and  very  near  to  the  two  poles  of 

a  powerful  electro-magnet,  so  arranged  that  its  two  branches 

are   vertical.     At  the   moment  when   the   electric   current 

traverses  the  wire  of  the  electro-magnet,  the  glass  prism  is 

seen  to  put  itself  in  motion,  and,  after  a  certain  number  of 

oscillations,  to  place  itself  perpendicularly  to  the  line  that 

joins  the  two  poles ;   a  position  which  Mr.  Faraday  termed 

eqvuxiorialy  in  opposition  to  that  assumed  by  magnetic  bodies, 

which  place  themselves  in  the  line  of  the  poles,  and  which  he 

called  axial.     If  it  is  deranged  from  its  equatorial  position, 

the  glass  prism  tends  to  return  to  it,  at  least  so  long  as 

the  electro-magnet  is  magnetised.     When,  in  its  oscillations 

between  the  two  poles,  it  approaches  the  edge  of  one  or  other 

of  the  two  polar  surfaces,  it  is  seen  to  stop,  and  to  be  sharply 

repelled  by  this  edge. 

If  the  branches  of  the  electro-magnet  are  too  far  apart  for 
the  action  of  the  poles  to  be  made  sufficiently  manifest  upon 
the  substance  suspended  between  them,  pieces  of  soft  iron  are 
placed  upon  each  polar  surface,  either  prismatic  or  cut  into 
points,  at  the  two  parts  facing  each  other;  and,  before 
magnetising  the  electro-magnet,  these  pieces  or  armatures 
are  put  at  such  a  distance  from  each  other  that  the  body 
suspended  between  them  shall  be  as  near  to  them  as  possible, 
without,  however,  being  inconvenienced  in  its  rotatory  move- 
ments around  its  suspension  wire.  The  directive  action,  that 
we  have  described  and  designated  under  the  name  of  equa- 
torial, is  then  manifested  in  the  most  decided  manner.  But 
it  is  not  only  heavy  glass  that  obeys  it;  all  organic  and 
inorganic  substances  are  equally  subjected  to  it,  providing 
they  are  not  magnetic  or  do  not  contain  a  certain  portion  of 
magnetic  elements;  and  they  do  not  assume  the  axial  di- 
rection.    Thus  rack  crystal,  various  non-metallic  salts  and 
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chemical  compounds,  iodide  of  phosphorus^  sulphur^  resin, 
cooked  or  rata  meat,  blood,  a  feather,  a  piece  of  apple  or  pear, 
acquire  the  equatorial  direction  between  the  poles  of  the 
electro-magnet. 

Mr.  Faraday  obtained  the  same  results  by  employing  a 
powerful  ordinary  horse-shoe  magnet,  instead  of  an  electro- 
magnet, but  the  phenomena  are  less  decided.  Care  must  be 
taken,  when  attaching  the  bodies  that  are  to  be  submitted  to 
the  influence  of  magnetism  to  the  suspension  thread,  to  make 
use  of  copper  or  brass  wires  only,  and  such  as  are  in  no 
degree  magnetic 

When  we  examine  the  phenomenon  more  closely,  by 
studying  it  upon  a  substance,  such  as  heavy  glass,  which 
manifests  it  in  a  high  degree,  we  are  surprised  by  seeing  the 
repulsion  that  is  also  exercised 'upon  the  substance  by  both 
the  magnetic  poles.  Thus,  if  the  prism  of  heavy  glass  is 
suspended,  so  that  its  centre  of  suspension,  although  situated 
upon  the  axial  line,  is  nearer  to  one  of  the  poles  than  it  is  to 
the  other,  the  action  of  the  electro-magnet  always  makes  it 
assume  the  equatorial  position ;  but,  at  the  same  time,  it  is 
repelled  parallel  to  itself  by  the  pole  to  which  it  is  nearest 

We  see  this  repulsion  manifested  in  its  highest  degree 
when,  in  its  oscillatory  movement  between  the  poles,  the  prism 
is  near  the  edge  of  one  or  the  other  of  the  two  polar  surfaces. 
Further :  whatever  may  be  the  form  of  the  piece  of  heavy 
glass,  as  well  when  it  is  cubical  or  spherical  as  when  it  is 
prismatic,  it  is  repelled  in  like  manner  by  either  of  the  poles ; 
but,  in  order  that  it  shall  experience  a  directive  action  which 
shall  give  to  it  its  equatorial  position,  it  is  necessary  that  the 
length  shall  exceed  the  other  dimensions.  Repulsion  would 
seem,  therefore,  to  be  the  phenomenon  in  its  greatest  sim- 
plicity; and  the  equatorial  direction  would  be  nothing  but 
the  result  of  the  tendency  of  each  of  the  particles  of  the  body 
to  move  itself  to  the  place  where  the  repulsion  is  the  least, 
and  where  consequently  the  magnetic  action  is.  the  most 
feeble. 

Continuing  to  submit  substances  of  various  natures  to  the 
action  of  electro-magnets,  Faraday  examined  very  closely  thQ 
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diflterent  metals  tinder  this  relation.     He  distinguished  those 

-  that  place  themselves  axially,  or  which  hy  being  attracted  by 

each  of  the  two  poles  must  be  considered  as  magneiicy  from 

those  that  assume  an  equatorial  position^  and  being  repelled 

by  the  poles,  are,  as  Mr.  Faraday  called  them,  diamagnetic* 

These    latter    are    essentially   bismuth,   antimony,  zinc,   tin^ 

cctdmium,  mercury,  silver,  and  copper.     The  force  with  which 

the  new  action  is  exercised  varies  with  these  different  metals ;. 

bismuth  and  antimony  manifest  it  in  a  high  degree ;  a  small 

bar  of  bismuth,  about  one-fifth  of  an  inch  wide,  is,  of  all 

substances  subjected  to  experiment,  the  one  that  best  makes 

this  phenomenon  manifest  in  its  various  details.     Moreover, 

in   the  enumeration  that  we  have  just  been  making,  the 

metals   have   been    classed  in   the   order  of  the  degree   of 

intensity  with  which  they  manifest  the  kind  of  action  in 

question. 

Mr.  Faraday  employed  bismuth  for  studying  certain  parts 
of  the  phenomenon  that  would  have  escaped  observation  with 
less    sensible  substances.     He   thus   proved   that  two  bars 
of  bismuth,  delicately  suspended  and  submitted  at  the  same 
time  to  the  action  of  magnets,  did  not  act  upon  each  other, 
'      which  seems  to  banish  all  idea  of  polar  antagonism  in  the 
'      bars.     He  also  saw  that  fine  powder  of  bismuth,  when  pro- 
jected upon  paper,  placed  on  one  of  the  poles  of  the  electro- 
'       magnet,  assumes  a  regular  arrangement;   the  particles  dis- 
'       tribute  themselves  without  and  within  upon  a  circular  line, 
'       which  is  just  the  edge  of  the  soft  iron  cylinder.     This  line 
remams  perfectly  distinct,  which  shows  the  tendency  of  the 
particles  of  bismuth  to  be  repelled  at  once  in  all  directions, 
a  result  in  accordance  with  the  remark  that  we  made  upon 
the  more  active  repulsion  exercised  by  the  edges  of  the  polar 
surface  upon   the   suspended    bars.      M.  Pouillet    obtained 
similar  results  by  mixing  sesquichloride  of  chromium,  which 
is  magnetic,  with  bismuth,  both  of  them  being  very  finely 
powdered ;  he  obtained  a  violet  circle,  formed  by  the  chloride, 
above  the  edge  of  the  pole  of  the  electro-magnet,  which 
attracts  it,  between  two  very  distinct  circles  formed  by  the 
bismuth  powder,  which  is  itself  repelled  by  the  edge. 
VOL,  I.  G  a 
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Some  of  the  metals^  and  especially  copper,  undergo  a 
motion  of  a  vety  peculiar  kind  at  the  moment  when,  being 
suspended  between  the  poles  of  the  electro-magnet,  the  latter 
is  magnetised:  this  movement,  which  is  very  distinct  from 
that  which  the  bar  obeys,  in  order  to  place  itself  in  the 
equatorial  direction,  and  which  occurs  even  when  it  is 
already  naturally  in  that  direction,  is  equally  manifested  at 
the  moment  when  the  magnetisation  of  the  electro-magnet 
ceases.  It  is  evidently  due  to  the  production,  upon  the 
8ur&ce  of  the  metal,  of  currents  induced  by  the  electro-magnet. 
We  may  satisfy  ourselves  of  this  by  varying  the  form,  the 
dimensions,  and  the  primitive  position  of  the  metal  that  is 
submitted  to  experiment.  Besides,  these  movements  are  not 
at  all  observed  in  heavy  glass ;  they  are  scarcely  sensible  in 
bismuth,  and  are  less  decided  as  the  metal  is  a  worse 
conductor  of  electricity.  The  following  is  the  order  in  which 
Ihe  different  m^tds  m^y  be  placed  in  this  respect:  copper^ 
Mver,  goldy  zinc^  cadmium^  tiny  platinum^  palladium,  lead,  an- 
Simony,  Vid'&(9mjt^.  This  order  is  the  same  as  that  which 
M.  Arago  and  Messrs.  Herschel  and  Babbage  had  assigned  to 
the  metals,  with  regard  to  their  faculty  of  drawing  on  the 
magnetised  needle  in  the  pfbenomena  of  magnetism  by  rotation, 
and,  consequently,  of  giving  rise,  upon  their  surfaces,  to  in- 
ductive currents ;'  a  proof  that  it  is  indeed  to  this  latter  kind 
of  action,  which  must  not  be  confounded  with  that  whereon 
we  are  now  engaged,  that  the  particular  movements  observed 
by  Faraday  .ar^  due. 

The  metals  that,  instead  of  placing  themselves  equatori- 
ally,  place  themselves  axially,  are  magnetic,  as  we  have  re- 
marked, Mr.  Faraday  found  a  great  number  of  them  besides 
those  that  were  already  known,  as  iron,  nickel,  cobalt,  to  be 
endowed  with  this  faculty.  He  further  observed,  that  the 
greater  part  of  compound  bodies,  and  among  them  the  salts  of 
magnetic  metals,  are  also  such ;  and  it  is  even  from  the  mag- 
netism of  their  compounds  that  he  concluded  for  several,  such 
as  manganese,  cerium,  chromium,  &c.,  the  magnetism  proper 
to  them.  These  compounds  are  magnetic  as  well  when  they 
are  dissolved  in  water  as  in  the  solid  state.     The  numerous 
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compounds  into  which  iron  enters  were  the  subject  of  a  special 
study^  and  they  all  placed  themselves  axially  between  the 
poles  of  the  electro-magnet,  and  were  attracted  by  these  poles. 
The  presence  of  a  very  small  quantity  of  iron  is  su£Scient  to 
rend^  a  substance  magnetic.  Thus,  green  bottle  glass  and 
crown  glass  are  magnetic ;  paper  and  fine  cardboard  are  also 
so,  probably  because  they  have  been  in  contact  with  iron  in 
the  act  of  fabrication ;  for  organic  substances  are  in  general 
diamagnetia  However,  the  yellow  crystals  of  ferro-cyanuret 
of  potassium,  as  well  as  the  red,  assume  the  equatorial  direction, 
which  would  seem  to  prove  that  they  are  not  magnetic.  This 
anomaly  is  probably  due  to  the  crystalline  state  of  the  substance, 
which,  as  we  shall  see  further  on,  exercises  a  great  influence 
over  this  order  of  phenomena. 

The  very  marked  influence  that  is  exercised  by  the  presence 
of  a  minute  quantity  of  iron,  shows  with  what  precaution  we 
must  operate,  in  order  to  draw  conclusions  from  a  substance 
acquiring  an  axial  position,  that  it  is  magnetic.  It  is  suffi- 
cient, for  example,  to  have  cut  a  piece  of  wood  with  a  knife, 
in  order  that  it  shall  place  itself  axially,  whilst  wood  always 
affects  the  equatorial  direction,  being  eminently  diamagnetic. 
Thus,  when  we  submit  solutions  and  liquids  in  general  to  ex- 
]>eriment,  we  take  care  to  place  them  in  glass  tubes  whose 
substance  is  as  thin  as  possible,  and  to  select  white  and  con- 
sequently non-magnetic  glass.  It  is  true  that  the  tube  is  then 
diamagnetic ;  but  as  this  property  is  never  so  decided  as  the 
other,  the  diamagnetism  of  the  glass  does  not  prevent  the 
magnetism  of  the  internal  liquid  from  being  manifested. 

We  can,  moreover,  test  liquids,  not  only  by  placing  them 
in  small  cylindrical  glass  vases  suspended  horizontally,  but 
also  by  placing  in  them  different  substances  upon  which  the 
action  of  the  electro-magnet  is  no  longer  the  same  when  they 
are  surrounded  by  liquid.  Thus  it  is  that,  by  mixing  in 
proper  proportions  protosulphate  of  iron,  which  is  magnetic, 
and  water,  which  is  diamagnetic,  we  can  procure  a  solution 
that  is  neither  repelled  nor  directed  by  the  electro-magnet,  at 
least  in  air ;  but  which,  when  surrounded  by  water,  assumes 
the  axial  direction.     In  like  manner,  by  reducing  the  pro- 
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portion  of  iron,  we  may  impress  upon  it  in  air  an  equatorial 
direction,  whilst  it  acquires  in  water  an  axial  direction.  The 
experiment  shows  us  that  it  is  possible,  hj  a  suitable  mixture 
of  two  bodies,  each  taken  in  one  of  the  classes,  to  procure  a 
substance  that  is  intermediate  between  them  with  regard 
to  the  magnetic  and  diamagnetic  properties,  at  least  if  no 
change  is  made  in  the  ambient  medium ;  if,  for  example,  it 
is  always  air.  On  the  other  hand,  Mr.  Faraday  was  not  able 
to  find  any  body,  either  solid  or  liquid,  except  the  artificial 
mixtures  of  which  we  have  been  speaking,  that  is  neutral ; 
namely,,  that  is  not  magnetic  or  diamagnetic. 

We  shall  not  pause  at  the  essays  Faraday  made,  in  order  to 
det'Crmine  the  place  that  gases  and  vapours  should  occupy  in 
the  class  of  diamagnetic  bodies.  This  subject,  taken  up  sub* 
sequently  by  this  clever  philosopher  according  to  another 
method,  having  led  him  to  results,  if  not  in  opposition  to,  at 
least  difierent  from  those  he  had  obtained,  we  shall,  in  another 
place,  devote  a  special  section  to  the  study  of  the  magnetic 
and  diamagnetic  properties  of  electric  fluids.  We  shall 
confine  ourselves  fi)r  the  present  to  remarking  that,  by  his 
first  researches,  Faraday  was  led  to  place  air  and  vacuum  in 
the  middle  of  the  table  containing  the  list  of  substances  ranged 
in  the  order  of  their  magnetic  power,  and  inverse  to  their  dia- 
magnetic power.  The  following  is  this  table,  in  which  the 
magnetism  goes  on  decreasing  from  iron  to  air  and  vacuum, 
which  are  designated  by  0^;  and  diamagnetism  increasing 
from  air  and  vacuum  to  bismuth :  — 


Iron. 

0°  Air  and  Vacuum. 

Cadmium. 

Nickel. 

Arsenic. 

Tin. 

Cobalt. 

Ether. 

Zinc. 

Manganese. 

Alcohol. 

Heavy  glass. 

Chromium. 

Gold, 

Antimony. 

Cerium. 

Copper. 

Phosphorus. 

Titanium. 

Silver. 

Bismuth. 

Faladium. 

Lead. 

Crown  glass. 

Water. 

Platinum. 

Mercury. 

Osmium. 

Sodium. 

0^  Air  and  Vacuum. 

Flint  glass. 
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Faxaday's  experiments^  that  we  have  just  been  describing, 
were  scarcely  known,  when  MM.  Becquerel,  father  and  son, 
endeavoured  to  show  that  they  were  included  in  those  that 
M.  Becquerel,  Sen.,  had  made  in  1827  on  the  transverse  mag- 
netism of  bodies,  and  of  which  we  have  spoken  above.  They 
attributed  the  longitudinal,  and  the  transverse  or  oblique  di- 
rection, that  is  assumed  by  a  substance  between  the  poles  of 
a  powerful  magnet,  to  the  form  of  the  substance,  which,  com- 
bined with  its  degree  of  magnetism,  determines  the  resultant 
of  its  magnetic  forces,  and  consequently  the  position  that  is  the 
consequence  of  it.  MM.  Becquerel  rested  their  opinion  prin- 
cipally upon  experiments  made  with  peroxide  of  iron,  which 
is  magnetic,  and  which  frequently,  however,  conducts  itself 
like  a  diamagnetic  body. 

Mr.  Faraday,  indeed,  recognised  that  this  substance  does 
actually  assume  very  various  positions  between  the  poles  of 
magnets;  but  it  is  not  the  less  always  attracted  by  the 
magnet,  as  are  all  magnetic  bodies.  Moreover,  when  a  tube 
filled  with  peroxide  of  iron  assumes  a  direction  transverse  to 
the  line  of  the  poles,  it  is  a  position  of  unstable  equilibrium ; 
and,  if  it  is  but  slightly  removed  from  it,  it  is  attracted  by  the 
poles.  With  diamagnetic  bodies,  such  as  bismuth,  phosphorus, 
&c.,  the  transverse  position  is  that  of  stable  equilibrium.  If 
the  substance  abandons  it,  it  returns  to  it  after  a  series  of  os- 
cillations, and  the  centre  of  gravity  of  the  mass  is  constantly 
repelled  and  not  attracted  by  the  magnet.  The  simple  and 
fundamental  fact,  that  distinguishes  diamagnetic  from  mag- 
netic bodies,  is,  that  the  former  are  repelled,  while  the  latter 
are  attracted  by  the  magnet.  Direction  is  a  phenomenon  that 
is  a  consequence  of  the  fundamental  fact,  but  which  may  be 
modified  by  difierent  circumstances.  The  distribution  of 
magnetism  is  not,  therefore,  made  in  a  transverse  direction. 
It  only  happens  sometimes,  as  with  a  cartridge  of  peroxide  of 
iron,  that  the  state  of  disaggregation  of  the  mass  which  op- 
poses the  transmission  of  magnetism  by  induction  from  particle 
to  particle,  joined  to  the  absolute  length  of  the  cartridge,  de- 
termines the  creation  at  different  distances  and  in  different 
directions  of  magnetic  poles,  that  may  be  considered  as  inde- 
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pendent  of  each  other.  It  is  easj^  therefore,  to  understana 
why  the  cartridge,  when  placed  transversely  to  the  line  of  the 
poles  of  the  magnet,  remains  there  hy  the  effect  of  all  the 
magnetic  poles  of  contrary  names  that  are  found  on  each  of 
its  faces ;  and  why,  when  one  of  its  extremities  approaches 
excessively  near  to  the  magnet,  it  is  attracted  by  it,  and  is 
consequently  deranged  from  its  equatorial  position.  In  proof 
that  it  actually  is  the  particular  distribution  of  the  magnetic 
poles  resulting  from  the  state  of  disaggregation  of  the  sub- 
stance, and  not,  as  MM.  Becquerel  supposed,  its  feeble  degree 
of  magnetism  that  determines  the  direction  assumed  by  a 
cartridge  of  peroxide  of  iron,  Faraday  quotes  the  fact,  that 
substances  much  less  powerfully  magnetic  than  the  peroxide, 
but  which  do  not  present  the  same  state  of  disaggregation, 
such  as  very  diluted  solutions  of  the  protosulphate  of  iron, 
solution  of  the  salts  of  nickel  and  of  platinum,  conduct  them- 
selves exactly,  except  in  respect  to  intensity,  as  do  all  other 
magnetic  bodies,  and  not  as  does  the  peroxide. 

M.  Edmond  Becquerel  has  more  recently  taken  up  the 
same  question ;  and,  by  operating  with  an  enormous  electro- 
magnet upon  all  substances  cut  into  small  bars,  while  he 
renounced  the  idea  of  a  transverse  magnetism,  thought  he 
ought  to  persist  in  his  opinion,  namely,  that  all  bodies  are 
magnetised  under  the  influence  of  a  magnet  just  as  soft  iron 
itself  is ;  but  to  a  more  or  less  marked  degree,  according  to 
their  nature.  The  direction  that  they  assume  depended, 
then,  simply  on  the  difference  existing  bet^'een  the  action 
that  is  exercised  upon  them,  and  the  action  that  is  exercised 
upon  the  medium  by  which  they  are  surrounded.  A  substance 
would  be  attracted  by  a  magnetic  centre  with  the  difierence 
of  the  actions  exercised  upon  this  substance  and  upon  the 
volume  of  the  medium  that  is  displaced ;  whence  it  follows, 
that  a  body  is  attracted  by  a  magnetic  centre  or  is  repelled 
from  it,  according  as  it  is  plunged  in  a  medium  more  mag- 
netic or  less  magnetic  than  itself;  like  as  a  balloon  falls 
upon  the  surface  of  the  ground,  or  rises  in  the  atmosphere, 
according  as  the  gas  with  which  it  is  filled  is  more  or  less 
dense  than  the  air.     This  principle  would  be  analogous  to 
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that  of  Archimedes  for  gravity,  with  the  difference,  that  the 
latter  is  applicable  to  the  mass  of  the  bodj,  whilst  the  mag- 
netic intensity  developed  by  induction  in  a  substance  doefl 
not  depend  upon  it,  but  is  probably  connected  with  the 
manner  in  which  the  subtile  medium,  or  ether,  of  which  a 
certain  modification  produces  magnetism,  is  distributed  in  the 
body. 

It   would  result  from  this,  that  the  attractions   and  re«^ 
pulsions,  exercised  by  the  poles  of  the  magnet  upon  different 
bodies,  would  depend  on  the  same  cause,  and  not  upon  two 
different  orders  of  facts.     Experiment,  in  fact,  indicates  that 
they  follow  the  same  laws,  and  vary  in  the  same  manner, 
proportionately  to  the  square  of  the  magnetic  intensity.     For 
obtaining  these  results,  M.  Becquerel  employed  the  torsion- 
balance,  taking  care  always  to  bring  the  substances  back  to 
the  same  position  in  respect  to  the  poles  of  the  electro-magnet, 
and  only  measuring,  in  each  case,  the  angles  of  torsion.     By 
this  method,  he  obtained  the  same  proportional  numbers  for 
the  same  substances,  by  making  the  intensity  of  the  magnetic 
action  vary.     He  also  proved,  in  the  same  manner,  the  in- 
fluence of  ambient  media.     Thus,  common  glass,  which  in 
air  is  attracted  by  the  poles  of  a  magnet,  is  powerfully  re- 
pelled by  these  same  poles  in  solutions  of  iron  and  of  nickel ; 
sulphur  and  white  wax,  which  are  repelled  by  the  centres  of 
magnetic  action  in  air,  are,  on  the  contrary,  attracted  when 
they  are  plunged  in  concentrated  solutions  of  chloride   of 
calcium  or  of  chloride  of  magnesium. 

From  this  theory  it  would  seem  that  all  bodies  ought  to  be 
attracted  by  magnets  in  vacuo ;  since  attraction  is  the  general 
fact,  that  is  modified  only  by  the  presence  of  the  ambient 
medium.  Now,  several  substances,  such  as  bismuth,  phos- 
phorus, sulphur,  are,  on  the  contrary,  more  repelled  in 
vacuo  than  in  air.  In  order  to  explain  this  anomaly,  M. 
Becquerel  is  compelled  to  admit  that  an  empty  space^  like  a 
fall  one,  behaves  itself  more  magnetically  than  the  substance 
that  is  repelled;  in  other  words,  that  vacuum,  or  rather  the 
etherial  medium  by  the:  aid  of  which  the  magnetic  afitioni  are 
transmitted,  is  itself  magnetic*;  and  that  it  b  more  so  than. 
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certain  bodies^  and  less  so  than  others.  But  this  conclusion 
appears  to  us  contrary  to  all  the  received  notions  of  mag* 
netism ;  a  property  that  is  essentially  connected  with  matter^ 
and  which  seems  to  be  inseparable  from  it.  Thus  M.  Plucker, 
although  he  arrived  at  results  similar  to  those  of  M.  E.  Bec- 
querel)  did  not  deduce  from  them  the  same  conclusion. 

We  shall  terminate  this  section  by  making  known  the  re- 
sults which  M.  Plucker  obtained^  by  seeking  to  determine 
for  each  body  the  intensity  of  its  magnetic  or  diamagnedc 
properties,  or  what  might  more  properly  be  termed  its  spe- 
cific magnetism  or  diamagnetism ;  Mr.  Faraday  having  con- 
fined himself  to  giving  the  order  in  which  substances  ought  to 
be  ranged  according  to  the  energy  of  their  magnetic  or  dia- 
magnetic  properties.  In  order  to  arrive  at  this  determination, 
M.  Plucker  employed  the  balance, — the  most  certain  and 
most  direct  means  of  measuring  with  weights  the  force  with 
which  each  substance  is  attracted  or  repelled  by  a  magnetic 
pole.  He  placed  the  substance  in  a  watch-glass,  covered  with 
a  rough  and  very  flat  glass  that  fitted  exactly  upon  the  edges 
of  the  watch-glass.  In  this  manner,  he  gave  to  each  substance 
submitted  to  experiment  a  volume  always  similar  and  of  the 
same  form.  The  whole  is  placed  upon  a  thin  brass  ring  sus- 
pended by  three  silk  tlireads  7*87  in.  long  from  a  balance  that 
turned  with  the  sixtieth  of  a  grain.  Then,  by  means  of  a 
current  of  a  constant  force,  the  electro-magnet  is  magnetised ; 
and  one  of  its  poles  attracts  or  repels  the  substance  always 
arranged  in  the  same  manner  in  respect  to  this  pole. 

Laying  down  as  a  principle,  that  the  proper  magnetism  or 
diamagnetism  of  each  substance  is  proportional  to  its  mass, — 
a  principle  that  M.  Plucker  endeavoured  to  verify  directly  by 
mixing,  in  greater  or  less  quantity,  fine  iron  filings  with  wax, 
so  as  that  the  total  volume  was  always  the  same,  —  the  mag- 
netism or  diamagnetism  of  the  bodies  was  obtained  by  dividing 
by  their  weights  the  force,  also  expressed  in  weight,  with 
which  an  equal  volume  of  each  of  them  is  attracted  or  re- 
pelled. We  thus  obtain  the  element  sought,  for  equal  weights. 
Solid  substances  in  these  experiments  are  reduced  into  as 
impalpable  a  powder  as  possible. 
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It  was  found  by  this  method  that^  expressing  the  intensity 
of  the  magnetism  of  iron  by  100,000,  this  intensity  for  load- 
stone is  40,227,  for  micaceous  iron-ore  533,  and  for  the  brown 
peroxide  71.  Of  all  the  solid  or  liquid  compounds  into  which 
iron  enters,  this  latter  is  the  one  that  has  given  the  most 
feeble  result  The  following,  however,  is  the  detailed  table 
of  the  results,  upon  which  we  shall  confine  ourselves  to  re- 
mai'king  that  the  combination  of  acids  with  oxides,  in  order 
to  form  salts,  does  not  enfeeble  the  original  magnetism  of  the 
latter, — that  the  water  of  hydration  sometimes  adds  force  to 
the  magnetism,  as  is  the  case  with  the  hydrate  of  protoxide  of 
nickel,  which  is  three  times  more  magnetic  than  the  protoxide 
itself, — that,  finally,  all  the  compounds  of  manganese,  which 
were  submitted  to  experiment,  were  found  to  be  magnetic. 

1.  Iron    -------  100,000 

2.  Loadstone        ------    40,227 

3.  Oxide  of  iron,  Ko.  1.  -  -  -  .  -         500 

4.  „  „       No.  2. 286 

5.  Red  ochre       ------  134 

6.  Micaceous  iron-ore      -----  533 

7.  Hydrated  peroxide  of  iron       -            -            -            -  156 

8.  Brown  peroxide  of  iron            -            -            -            -  71 

9.  Artificial  lioeinatite       -----  151 

10.  Dry  sulphate  of  oxide  of  iron  -  -  -  -         111 

11.  Green  vitriol   ------  78 

12.  Saturated  solution  of  nitrate  of  oxide  of  iron   -  -  34 

13.  „  „  hydrochlorate      -  -  -  98 

14.  „  „  sulphate  of  iron  -  -  -  58 

15.  „  „  hydrochlorate  of  potass  -  -  84 

16.  Green  vitriol  in  solution          -            -  .  -  126 

17.  Sulphate  of  protoxide,  dissolved  in  vitriol  -  -  142 

1 8.  Kitrate  of  oxide  in  solution     -             -  -  -  95 

19.  Hydrochlorate  of  oxide  of  iron             .  -  -  224 

20.  Sulphate  of  oxide  of  iron         -            -  -  -  133 

21.  Hydrochlorate  of  protoxide  of  iron       -  -  -  190 

22.  Sulphate  of  protoxide  of  iron   -            -  -  -  219 

23.  Deutochloride  of  iron  in  solution          -  -  -  254 

24.  Protochloride        „                n               '  '  '  216 

25.  Iron  pyrites     -            -                         -  .  .  150 

26.  Protoxide  of  iron  in  hydrochloric  solution  •  -  881 

27.  „  „         sulphuric  solution  -  -         462 

28.  Peroxide  of  iron  in  the  hydrate  •  -  *         206 
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.    29.  Peroxide  of  iron  in  hematite  -            -            -            -  168 

30.  „            „            nitric  solution        -             -             -  287 

31.  „            jy            hydrochloric  solution          -             -  516 

32.  „  „  sulphuric  solution  -  -  -  332 
88.  Iron  in  the  loadstone  -----  55,552 
S4»  ,»  oxide,  19b.  1.  -  -  -  -  714 
85*  „  „  No.  2.  -  -  -  -  409 
36.            „        red  ochre  •            -            -            -            -  191 

87.  „        micaceous  iron-ore              -            -            -  761 

88.  „        hydraled  oxide       .            -            -            -  296 

39.  „        haematite   -----  240 

40.  „        pyrites       -----  321 

41.  „        sulphate  of  oxide   -            -            -            -  849 

42.  „  green  vitriol  ....  385 
4!).            „        solution  of  nitrate  of  oxide             -            -  410 

44.  „            „            hydrochlorate     -            -            -  737 

45.  „            „            sulphate             ...  474 

46.  n            n            hydrochlorate  of  protoxide          -  490 

47.  „            „            sulphate  of  protoxide      -            -  594 

48.  Protoxide  of  nickel      .            -            .            •            -  85 

49.  Hydrate  of  protoxide  of  nickel  ...  106 
80.  Nitrate  of  protoxide  of  nickel,  in  solution  -  -  65 
*1.  Sulphate  „  „  „  ,  .  .  loo 
82.  Chloride  of  nickel  in  the  preceding  solution      -            -  111 

88.  Protoxide  of  nickel  in  hydrate-  -  -  -  142 
54.  -  „  „  nitric  solution  -  -  -  164 
$64  -„  „  hydrochloric  -  -  -  171 
16.  Nickel  in  oxidule  .....  45 
87.  „•  hydrate  of  protoxide  -  -  -  180 
58.        „         nitric  solution           ....  2O8 

89.  9,         hydrochloric  solution             -            -            -  217 

60.  Hydrate  of  manganic  oxide      -            -            -            -  70 

61.  Manganous  oxide         -            -            -            -            -  167 

62.  Manganic  oxide  in  hydrate  -  -  -  •  78 
S3.  Manganous  in  hydrate  of  oxide  -  -  -  112 
64.          „                   „           oxidule         ...  322 


Theories  of  Diamagnetismy  and  Diamagnetic  Polarity, 

Before  pursuing  further  the  study  of  diamagnetic  phe- 
nomena, it  is  necessary  to  acquire  an  idea  of  the  theories  that 
have  been  put  forth  in  explanation  of  them.  Mr.  Faraday^ 
who  discovered,  and  who  so  carefiilly  analysed,  the  phenomena 
of  •  dijama^etism,  was  content  with  putting  forth  the  law  with 
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i^liich   experiment  had  furnished  him,  namely,  that  diamag^ 

netic    substances  are  those  which,  in  the  field  of  magnetic 

forces,  direct  themselves  from  the  places  where  these  forces 

liave  the  greatest  intensity,  towards  those  where  they  have  the 

least ;   and  that  the  converse  is  the  case  for  magnetic  bodies. 

^W^e  must  not  forget  that  Mr.  Faraday  distinguishes,  hj  field 

of  magnetic  forces^  the  larger  or  smaller  space  within  which 

the  poles  of  an  electro-magnet  cause  their  influence  to  be  felt, 

and  which  is  traversed  in  all  directions  by  forces  of  variable 

intensities  and  directions,  of  which  the  curves  marked  out  by 

iron  filings  give,  to  a  certain  degree,  a  very  exact  idea. 

We   have   already   spoken  of  M.  E.  Becquerel's   theory, 
based  upon  the  principle  that  all  bodies  are  magnetic  in  the 
same  manner,  only  in  different  degrees,  and  that  the  repulsions, 
exercised  by  the  two  poles  of  magnets,  upon  certain  sub- 
stances, are  only  apparent,  and  arise  from  these  substances 
being  plunged  in  a  medium  more  magnetic  than  themselves  i 
a  medium  which,  by  reaction,  gives  rise  to  the  effects  that  are 
observed.     We  have  not  been  able  to  attach  ourselves  to  this 
theory,  on  account  of  the  consequence  to  which  it  irresistibly 
leads,  namely,  that  vacuum  itself  is  magnetic  like  bodies, 
more  so  than  some,  less  so  than  others. 

M.  Plucker,  although  inclining,  in  respect  to  the  laws  by 

which  the  phenomena  are  regulated,  to  those  of  M.  E.  Bec- 

querel,  does  not  deduce  from  them  the  same  consequences  in 

respect  to  the  magnetism  of  vacuum.     He  arrives,  by  his 

researches,  to  the  following  laws,  which  are  no  other  than  the 

principle  of  Archimedes  extended,  and  in  which  the  force  of 

magnetism  supplies  the  place  of  gravity.     K  a  magnet  acts 

by  attraction  or  by  repulsion  upon  the  molecules  of  a  body  or 

of  a  fluid  by  which  it  is  surrounded,  the  effect  of  the  magnet 

upon  the  immersed  body  is  the  same  as  upon  the  body  in 

vacuum,  minus  the  effect  produced  upon  the  volume  of  the 

Uquid,  whose  place  is  supplied  by  the  body.     These  laws 

explain  why  an  areometer,  that  is  very  little  affected  by  the 

magnet,  rises  in  a  magnetic  liquid,  and  descends  in  a  dia* 

magnetic  liquid  when  it  is  placed  above  the  poles,  and  presents 

contrary  effects  when  placed  below.     They  show,  also,  why 
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a  magnetic  solid,  when  plunged  into  a  liquid  more  magnetic 
than  itself,  comports  itself  diamagneticallj,  whilst  a  diamag- 
netic  body  shows  itself  magnetic  in  a  liquid  more  diamagnetic 
than  itself.  Thus  is  explained  the  extraordinary  force  with 
which  bismuth,  and  even  glass  that  is  slightly  magnetic,  direct 
themselves  equatorially  in  a  saturated  solution  of  sulphate  of 
iron,  notwithstanding  the  resistance  of  the  medium. 

We  see  that  M,  Plucker  admits  with  Mr.  Faraday,  and 
contrary  to  M.  E.  Becquerel,  that  the  magnetism  and  the 
diamagnetism  of  bodies  are  two  distinct  and  opposite  proper- 
ties ;  but  he  considers  that  they  have  a  similar  origin,  and  he 
is  disposed  to  adopt,  in  this  respect,  the  ideas  of  Poggendorff, 
of  Reich,  and  of  Weber,  who  consider  diamagnetic  pheno- 
mena as  arising,  equally  with  magnetic  phenomena,  from  a 
polarity  induced  by  the  action  of  the  magnet  in  the  sub- 
stances submitted  to  its  influence,  with  this  difference,  how- 
ever, that  the  poles  in  diamagnetic  bodies  are  of  the  same 
nature  as  the  nearer  poles  of  the  magnet,  contrary  to  what 
occurs  in  magnetic  bodies,  in  which  they  are  of  a  contrary 
nature.  Thus,  in  like  manner  as  the  pole  of  a  magnet  gives 
rise  to  an  attractive  pole  in  the  extremity  of  the  iron  bar,  it 
determines  a  repulsive  one  in  the  extremity  of  the  bismuth 
bar ;  or,  what  comes  to  the  same  thing,  the  currents  which 
Ampere  supposes  to  be  excited  in  iron  by  the  influence  of  the 
magnet,  have  an  opposite  direction  to  that  which  they  present 
in  bismuth.  We  now  come  to  examine  and  discuss  the  facts 
upon  which  this  hypothesis  is  founded. 

Poggendorff  had  found  that  if,  to  a  bar  of  bismuth,  anti- 
mony, or  phosphorus,  arranged  equatorially  between  the 
poles  of  an  electro-magnet,  we  approach  the  extremity  of  a 
small  needle,  magnetised  too  feebly  to  induce  in  itself  a  sensible 
magnetism,  this  extremity  attracts  the  bar  on  the  same  side 
where  it  would  have  repelled  it,  had  it  been  of  iron ;  a  proof 
that  the  electro-magnet  determines,  in  diamagnetic  substances, 
poles  of  the  same  name  as  those  which  act  upon  them.  The 
same  philosopher  had  also  observed  that,  if  a  bar  of  bis- 
muth, suspended  equatorially  between  the  poles  of  an  electro- 
magnet, is  surrounded  by  a  helix,  traversed  by  an  electric 
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oiirrent,  this  bar  moves  in  the  interior  of  the  helix  in  a 
direction  which   seems   to   indicate   that  it  has  acquired  a 
polarity,  similar  for  each  of  its  parts  to  that  of  the  nearer 
pole.      M.  Reich,  on  his  part,  had  remarked  that  when  the 
opposite  poles  of  two  magnets  are  made  to  act  simultaneously 
-upon  the  same  face  of  a  bar  of  bismuth,  the  repulsion  en- 
gendered is  equal  to  the  difference,  and  not  to  the  sum  of 
the  forces  possessed  by  each  pole,  when  acting  alone ;  in  such 
sort  that,  if  the  two  perfectly  equal  poles  of  an  electro-magnet 
are   employed,  the  effect  is  altogether  null,  there  is  neither 
attraction  nor  repukion. 

These  experiments,  and  others  of  the  same  kind,  although 

apparently  favourable  to  the  idea  of  magnetic  polarity,  are  far 

from  being  conclusive ;  and  this  follows  from  the  examination 

of  them  that  was  made  by  Mr.  Faraday,  who  himself,  at  first, 

inclined  towards  this  opinion,  and  by  Professor  Thomson  of 

Glasgow.     These  two  philosophers  consider  that   all   these 

effects  arise  from  a  modification  that  is  produced  in  the  field 

of  the  magnetic  forces,  by  the  introduction  of  a  new  magnet, 

or  of  an  electro-dynamic  helix,  for  the  purpose  of  demonstrating 

the  polarity  of  the  substance  that  is  in  this  field.     Thus,  for 

example,  M.  Plucker,  in  order  to  support  the  idea  of  polarity, 

had  quoted  the  fact,  that  if  a  cylinder  of  soft  iron  is  placed 

equatorially  between  the  poles  of  an  electro-magnet,  a  little 

below  the  plane,  in  which   a   similar  cylinder   of  bismuth 

moves,  the  force  with  which  this  latter  tends  to  place  itself 

equatorially  is   much   augmented;    whence   he    concluded, 

that  the  two  extremities  of  the  bismuth  had  acquired,  under 

the  influence  of  the  electro-magnet,  contrary  poles  to  those 

acquired  by  the  two  extremities  of  the  iron  under  the  same 

influence.     Mr.  Faraday  has  shown  that   this  result  arises 

solely  from  the  alteration  produced  in  the  lines  of  magnetic 

force  by  the  presence  of  the  bar  of  iron ;  in  fact,  this  presence 

mast  increase  the  force  existing  between  the  two  poles  of  the 

electro-magnet  on  the  line  which  joins  them,  and  diminish  the 

intensity  of  that  existing  on  the  equatorial  line,  the  iron  which 

is  below  of  necessity  partly  neutralising  it,  so  that  the  bismuth 

is  driven  from  the  axial  to  the  equatorial  position,  with  a  much 
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greater  difference  of  force  than  it  would  manifest  had  thero 
been  no  soft  iron. 

Mr«  Thomson,  on  his  part,  through  modifying  the  direction 
and  the  intensity  of  the  forces  in  the  magnetic  field,  by  various 
positions  given  to  the  magnets,  succeeded  in  impressing  upon 
magnetic  bodies,  such  as  a  ball  of  soft  iron,  motions  analogous 
to  those  presented  by  diamagnetic  bodies  under  the  same  cir- 
cumstances. Thus,  a  ball  of  soft  iron,  of  very  small  volume^ 
and  very  delicately  suspended  from  a  long  horizontal  lever, 
under  the  influence  of  two  contrary  poles  of  unequal  force, 
placed  on  the  same  side  in  respect  to  it,  but  at  different  dis- 
tances, may  be  held  in  equilibrium  at  a  certain  distance  from 
them  both«  So  also  the  same  ball,  when  submitted  to  the 
action  of  two  poles,  equal  in  force,  but  of  the  same  name,  will 
have,  not  only  a  position  of  unstable  equilibrium  in  the  middle 
of  the  line  that  joins  these  poles,  but  also  two  positions  of 
stable  equilibrium  at  the  two  extremities  of  a  right  line,  drawn 
perpendicularly  to  the  middle  of  the  former,  and  of  a  length 
depending  upon  the  force  of  the  magnetic  poles.  All  these 
effects,  and  others  also  of  the  same  kind,  may  be  obtained  in 
a  much  less  decided  maimer,  it  is  true,  but  still  sensible,  by 
supplying  the  place  of  the  soft  iron  by  bodies  that  are  very 
slightly  magnetic,  and  even  by  diamagnetic  bodies.  In  proof 
of  the  identity  of  the  action  exercised  upon  these  latter  sub- 
stances, as  well  as  upon  magnetic  bodies,  Mr.  Thomson  quotes 
the  fact  that,  according  to  his  view,  for  one  class  as  well  as 
for  the  other,  the  effect  exercised  by  the  magnet  is  proportional 
to  its  force ;  a  result  opposed  to  those  by  which  M.  Plucker 
thought  he  had  been  able  to  establish  tliat  diamagnetism  de- 
creases more  rapidly  than  magnetism,  with  the  diminution  of 
the  force  of  the  electro-magnet,  or  with  the  increase  of  dis- 
tance* He  had  found  that,  if  a  quantity  of  mercury  or 
bismuth  is  placed  upon  a  watch-glass,  which  is  slightly  mag- 
netic, at  a  certain  distance  from  the  poles,  diamagnetism 
obtains  the  pre-eminence,  and  repulsion  takes  place;  at  a 
greater  distance  magnetism  is  in  the  ascendancy,  and  there  is 
attraction.  Mr.  Thomson  thinks  that  the  changes  of  effects, 
due  to  the  increase  of  distance,  arise  from  the  influence  of  tlie 
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second  pole  of  the  electro-magnet,  which^  begoming  more  senf 
sible  in  proportion  as  the  body  is  removed  from  the  pole  that 
acts  directly  upon  the  substances'  submitted  to  experiment^ 
brings  about  a  modification  in  the  distribution  of  the  lines  of 
magnetic  force.     He  was  equally  satisfied  that  this  distri- 
bution is  altered  in  a  very  decided  manner  by  a  change  iu 
the  intensity  of  the  absolute  force  of  the  electro-magnet,  which 
would  equidly  explain  why  substances  such  as  cajrbon,  whose 
magnetism  and  diamagnetism  are  both  very  undecided,  place 
lihemselyes,  as  M.  Plucker  ob8erved>  sometimes  axially,  at 
other  times  equatorially,  according  as  the  force  is  more  qt  less 
considerable.   We  see,  therefore,  that  an  attentive  obseryati(»i 
of  the  phenomena  is  not  favourable  to  the  idea  of  a  polarity  in 
diamagnetic  bodies ;  however,  in  favour  of  this  opinion,  have 
been  argued  another  class  of  facts,  discovered  by  Weber,  and 
which  are  deserving  of  a  serious  examination. 

It  was  by  placing  a  diamagnetic  metal  instead  of  soft  iron^ 
within  a  bobbin  intended  for  producing  induction,  that  Weber 
thought  he  discovered  the  proof  of  the  acquisition  by  this 
metal,  when  under  the  influence  of  a  powerful  electro-magnel^ 
of  poles  of  a  contrary  nature  to  those  acquired  by  soft  iroB 
under  the  same  circumstances.     The  bobbin  is  surrounded 
by  a  copper  wire  covered  with  silk  984  ft.  in  length,  and  ^'^^th 
in.  in  diameter,  the  two  extremities  of  which  communicate 
with  those  of  a  very  sensible  galvanometer,  and  it  is  placed 
vertically  upon  the  polar  surface  of  an  electra-magnet     Cy- 
linders made  of  difierent  metals  are  introduced  successively 
into  the  bobbin,  and  a  commutator,  placed  in  the  circuit,  <^ 
which  the  galvanometer  forms  a  part,  is  combined  so  as  to 
be  able  to  form  this  circuit,  either  at  the  moment  when  the 
metal  cylinder  is  introduced,  or  when  it  is  withdrawn.     The 
galvanometer  sometimes  indicates  the  presence  of  an  instan* 
taneous  current ;  and,  as  care  has  been  taken  to  maintain  the 
magnetism  of  the  electro-magnet  at  the  same  degree  of  force, 
the  current  observed  can  only  be  an  inductive  current,  arising 
from  the  introduction  into  the  bobbin  of  a  metal,  upon  which 
a  magnetic  pole  acts.     But  this  current,  when  produced  by  a 
bar  of  bismuth,  for  example,  has  a  direction  contrary  to  what 
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it  possesses  when  it  derives  its  origia  from  a  bar  of  soft  iron  ; 
whence  M.  Weber  concludes,  that  the  bar  of  bismuth  acquires 
at  its  two  extremities  poles  of  a  contrary  nature  to  those 
which  the  bar  of  soft  iron  acquires  under  the  same  influence. 

On  repeating  Weber's  experiments  in  February,  1850*,  I 
obtained  results  analogous  to  his,  jsave  that  I  did  not  find 
that  the  intensity  of  the  effect  obtained  bore  any  relation  to 
the  degree  of  diamagnetism  of  the  substance :  thus  the  intro- 
duction of  a  cylinder  of  zinc  into  the  bobbin  gave  a  more 
powerftil  current  than  what  was  derived  from  the  introduction 
of  the  cylinder  of  bismuth,  although  zinc  is  much  less  dia- 
magnetic  than  bismuth ;  and  antimony  and  lead,  the  one  very 
diamagnetic,  and  the  other  but  little  so,  each  gave  rise  to  a 
current  that  was  barely  perceptible*     After  a  long  and  de- 
tailed study  of  these  phenomena,  Faraday  succeeded  in  dis- 
covering that  they  were  not  due  to  diamagnetism,  but  to  the 
greater  or  less  degree  of  conductibility  of  the  metals,  upon 
the  surface  of  which,  when  they  are  introduced  into  the 
bobbin,  there  are  established  inductive  currents,  analogous  to 
those  which  were  observed  by  Dove,  and  of  which  w&  have 
spoken  in  the  preceding  Chapter.f 

Faraday's  apparatus  consisted  of  a  helix  three  inches  in 
length,  and  two  inches  interior  diameter,  fixed  horizontally  at 
the  extremity  of  a  cylinder  of  soft  iron,  which  enters  it  one 
inch :  this  soft  iron  cylinder  is  itself  the  extremity  of  one  of 
the  branches  of  a  powerful  electro-magnet  A  system  of 
suspension,  constructed  with  great  care,  enabled  him  to  give 
a  movement,  to  and  fro,  of  about  two  inches  in  extent,  in  a 
horizontal  direction,  to  a  wooden  lever  two  feet  in  length,  at 
one  of  the  extremities  of  which  are  fixed  successively  cylinders 
of  different  metals  5^  in.  in  length  and  |  in.  in  diameter ;  the 
apparatus  is  so  arranged  that  these  cylmders  may  penetrate 
into  the  helix,  and  come  out  of  it  six  times  in  a  second, 
without  in  the  least  degree  shaking  either  the  helix  or  the 

♦  Arch,  des  ^icn.  Phyg.  ct  Nat  de  la  Biblioth^que  Univ.  t.  xiiL  p.  115. 
(Feb.  1850.) 

t  The  Memoir  in  which  Faraday  describes  the  results  that  he  obtained,  was 
communicated  to  the  Royal  Society,  March  13.  1650 ;  and  appeared  in  die  Ist 
part  of  the  '*  Philosophical  Transactions  of  1850/' 
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electro-magnet^  which  is  essential.  The  two  ends  of  the  helix 
communicate  with  those  of  the  galvanometer^  and  a  com- 
mutator^ whose  movement  is  connected  with  that  of  the  lever 
by  which  the  metal  cylinder  is  sustained^  enabled  him  to 
appreciate  only  one  of  the  currents — that  which  is  developed 
at  the  moment  of  the  introduction^  or  that  which  occurs  at 
the  moment  when  one  of  these  cylinders  leaves  the  helix. 
The  following  are  the  results :  — 

Cylinders  made  of  very  magnetic  metals,  such  as  iron  and 
nickel,  determine  a  very  powerful  induced  current,  the  di- 
rection of  which  indicates  that  it  is  due  to  the  polarity  acquired 
by  these  metals  at  the  moment  in  which  they  approach  the 
electro-magnet,  and  which  disappears  at  the  moment  when  they 
are  withdrawn  from  it ;  however,  this  method  of  detecting  the 
existence  of  magnetic  polarity  is  not  very  sensible ;  for  sub- 
stances that  are  powerfully  magnetic  like  iron,  as  a  solution  of 
proto-sulphate  of  iron,  or  crystals  of  sulphate  of  iron,  do  not 
produce  any  effect.  It  is  not  the  same  when  diamagnetic 
metals  are  employed.  A  deviation  is  produced  in  a  contrary 
direction  to  what  obtains  when  magnetic  metals  are  em- 
ployed ;  but  the  intensity  of  this  deviation  is  not  proportional 
to  that  of  the  diamagnetism.  Thus,  it  is  considerable  with 
cylinders  of  gold,  silver,  and  copper ;  for  it  is  maintained  in 
a  very  permanent  manner  to  66**  or  70°,  whilst  it  is  very 
slightly  sensible  with  platinum  and  lead,  and  nothing  with 
antimony.  The  energy  of  the  effect  appears,  therefore,  to 
depend  exclusively  upon  the  degree  of  conductibility  of  the 
substance ;  and,  consequently,  upon  the  facility  with  which 
inductive  currents  may  be  established  upon  its  surface.  The 
following  are  some  further  proofs  in  support  of  this  mode  of 
explaining  the  production  of  the  currents  that  are  determined 
in  the  wire  of  the  helix  by  the  introduction  of  a  diamagnetic 
metal. 

We  may,  without  diminishing  the  intensity  of  the  effect, 
diminish  the  length  of  the  diamagnetic  cylinder^  and  reduce 
it  even  to  an  inch ;  this  is  because  the  inductive  currents  that 
are  circulating  round  its  surface  are  only  developed  in  the 
part  that  is  nearest  to  the  pole  of  the  electro-magnet ;  whilst 
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a  similar  diminution  in  length,  when  made  on  the  magnetic 
cylinder^  brings  about  a  great  reduction  of  the  current,  which 
in  this  case  is  due  to  the  polarity  that  has  been  acquired  bj 
the  metal  under  the  influence  of  the  magnet,  and  the  effect 
of  which  has  its  full  force  only  when  the  cylinder  is  as  long 
as  the  helix. 

The  division  of  the  metal  cylinder  into  wires  of  the  same 
length,  but  of  a  very  small  diameter,  has  altogether  an  opposite 
effect :  it  notably  increases  the  power  of  magnetic  metals ;  it 
entirely  annihilates  that  of  diamagnetic  metals :  this  double 
contrary  effect  is  due  to  the  same  cause,  namely,  to  the 
obstruction  which  the  division  opposes  to  the  establishment  of 
inductive  currents  around  the  surface  of  the  metal,  which  is 
the  only  cause  of  the  currents,  indicated  by  the  galvanometer 
in  diamagnetic  metals,  and  which,  on  the  contrary,  is  the 
cause  of  ^e  weakening  of  these  currents  in  the  case  of  mag- 
netic metals.  This  observation  had  been  already  made  by 
Dove,  as  we  remarked  in  our  Chapter  on  Induction,  p.  425* 
If,  for  a  bundle  of  copper,  gold,  or  silver  wires,  whose  effect 
is  null,  we  substitute  a  cylinder  of  the  same  diameter,  but 
formed  by  the  superposition  of  discs  of  these  same  metals, 
a  current  of  25°  or  30°  is  obtained,  because  the  inductive 
currents  may  be  established  around  the  edges  of  the  discs. 

To  these  very  conclusive  proofs  Faraday  adds  others, 
drawn  &om  the  fact  that  the  velocity  yrith  which  the  metal 
cylinder  is  introduced  into  the  helix,  exercises  a  very  different 
influence  over  the  intensity  of  the  induced  currents,  according 
as  the  metal  is  magnetic  or  diamagnetic ;  and  that  the  com- 
mutator must  act  in  one  case  at  a  very  different  moment  from 
that  in  which  it  should  act  in  the  other  case,  in  order  to  give 
the  maximum  effect 

The  conclusions  to  which  Faraday  arrives  have  been 
ftirther  confirmed  by  the  recent  researches  of  M.  Verdet. 
This  philosopher  had  employed  in  his  experiments  a  horse- 
shoe magnet,  before  the  poles  of  which  a  metal  plate  rotates ; 
the  branches  of  the  magnet  are  placed  in  the  axis  of  two 
bobbins  of  long  wire,  which  is  placed  in  communication  vnth 
a  sensible  galvanometer.     In  operating  with  slightly  magnetic 
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substances^  such  as  sulphate  of  iron^  very  appreciable  in- 
duced currents  are  obtained,  which  shows  the  sensibility  of 
the  apparatus;  with  regard  to  non-magnetic  metals,  the  in- 
tensity of  the  currents  induced  during  the  movement,  when 
the  plate  is  very  near  to  the  line  of  the  poles,  shows  that  the 
effects  depend  only  on  the  conductibility  of  the  metals,  and 
not  at  all  on  their  diamagnetic  power.     M.  Yerdet,  in  order 
to  analyse  the  phenomenon  in  its  details,  added  to  the  machine 
a  conunutator,  which  allowed  the  current  to  reach  the  galya- 
nometer  only  during  the  second  part  of  a  rotation  of  the  plate; 
he  thus  recognised,  as  Faraday  had  done,  the  influence  of  time 
upon  the  induction,  which  explains  why  the  induced  currents 
are  not  distributed  in  a  symmetrical  manner,  during  the  period 
when  the  plate  is  withdrawing  from  the  line  of  the  poles,  and 
during  the  period  when  it  is  approaching  it ;  —  a  dissymetry, 
which  is  the  more  marked  in  proportion  as  the  velocity  is 
greater. 

We  see,  therefore,  that  we  must  renounce  the  idea  of  a 
diamagnetic  polarity,  analogous,  but  of  a  contrary  name  to 
magnetic  polarity; — that  it  is  in  like  manner  impossible  to 
admit  the  existence  in  diamagnetic  bodies  of  a  polarity  similar 
in  all  respects,  save  in  regard  to  its  intensity,  to  that  of 
magnetic  bodies.     It  therefore  appears  to  us  probable  that 
the  force  which  impels  substances  when  they  are  suspended 
freely  in  the  field  of  magnetic  forces,  to  pass  from  the  more 
powerful  to  the  more  feeble  points,  is  of  a  very  different 
nature  from  magnetism;  moreover,  that  it  is  general,  and 
that,  if  magnetic  bodies  do  not  obey  it,  it  is,  that  in  them  it 
is  counteracted  by  that  very  special  property  with  which  they 
are  endowed,  and  which  we  term  magnetism.     We  have,  in 
fact,  seen  that  Mr.  Thomson  succeeded  in  impressing  upon 
magnetic  bodies,  by  a  special  arrangement,  which  neutralised 
the  effect  of  their  magnetism,  a  position  similar  to  that  ac- 
quired by  diamagnetic  bodies  under  the  same  circumstances. 
The  point,  in  our  opinion,  upon  which  the  attention  of  the 
philosopher  should  be  directed,  should  therefore  be  a  careful 
study  of  the  magnetic  field,  and,  consequently,  a  minute 
analysis  of  the  forces  by  which  it  is  traversed,  and  of  the 
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circumstances  that  may  make  these  forces  vary,  in  order,  if 
possible,  to  arrive  by  these  means  at  the  discovery  of  the 
cause  which  leads  them  to  act  upon  bodies. 

Let  us  add,  ftirther,  that  it  would  be  important  to  study, 
better  than  has  hitherto  been  done,  the  conditions  arising  from 
the  very  constitution  of  bodies,  in  regard  to  the  form,  the 
molecular  arrangement,  and  the  chemical  constitution  which 
renders  the  action  exercised  upon  them  by  these  forces  more 
or  less  energetic.  The  influence  of  temperature  would  be 
valuable  to  know;  M.  Plucker  has  already  proved  that  a 
mass  of  bismuth  weighing  2223  grains  Troy,  required  at  the 
ordinary  temperature  a  weight  of  25*78  grains  Troy  to  coun- 
terbalance the  efiect  of  diamagnetic  repulsion ;  whilst  it  re^ 
quired  no  more  than  4*32  grains  Troy,  when  the  temperature 
was  raised  to  the  point  of  the  fusion  of  the  metal.  The  solid 
or  liquid  state  exercises  no  change  over  this  property ;  ice, 
according  to  the  observations  of  M.  Brunner,  Jun.,  is  as 
diamagnetic  as  water,  whether  in  a  state  of  liquid  or  of  vapour. 
These  facts,  and  others  also,  are  neither  sufBciently  numerous, 
nor  sufficiently  in  accordance,  to  enable  us  to  draw  from  them 
any  general  consequence ;  it  is  possible  we  may  arrive  at  some 
such,  when  they  shall  have  been  more  multiplied. 

Injluence  of  Magnetism   upon  Flames  and  Gases,  and  upon 

Liquids. 

Mr.  Faraday  had  thought  he  was  able  to  conclude  from  his 
first  experiments  that  air  and  the  different  gases  do  not  difier 
from  each  other  in  regard  to  their  magnetic  or  diamagnetic 
properties,  and  that  they  ought,  in  this  respect,  to  be  placed, 
as  well  as  vacuum,  almost  in  the  middle  of  the  scale,  that  is 
to  say,  between  magnetic  and  diamagnetic  bodies.  I  was 
induced  to  remark  that  the  results  obtained  by  Mr.  Faraday 
were  perhaps  only  apparent,  and  that  they  simply  depended 
upon  the  material  of  the  tube  in  the  interior  of  which  the 
vacuimi  or  the  gas  was  placed,  as  well  as  upon  the  influence 
of  the  surrounding  medium.  A  curious  experiment  made  at 
Genoa  by  Father  Bancalari  had  demonstrated  that   elastic 
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fluids  are  not  so  indifferent  as  might  have  been  supposed  to 
magnetic  action.  M.  Bancalari  found  that  the  poles  of  an 
electro-magnet  have  a  decided  repulsive  action  upon  the  flame 
of  a  lamp,  upon  smoke,  as  well  as  upon  the  vapour  of  water 
and  of  alcohol.  M.  Zantedeschi,  in  repeating  and  confirming 
these  experiments,  proved  that  flame  is  repelled  equally  by 
each  of  the  poles: — that  the  effect  is  not  due  to  currents  of 
air,  that  the  repulsion  is  accompanied  by  a  depression  of  the 
flame.  The  same  philosopher  further  observed  that  the 
smoke  that  rises  from  the  snuff  of  an  extinct  flame,  fed 
by  oil,  alcohol,  or  wax,  is  subject  to  the  same  repulsive 
force. 

Mr.  Faraday,  as  soon  as  he  became  acquainted  with  these 
experiments  of  MM.  Bancalari  and  Zantedeschi,  took  up,  by 
a  new  method  of  experimenting,  his  researches  upon  gases, 
and  arrived  at  results  that  showed  him,  conformably  to  what 
he  had  thought,  that  elastic  fluids  are  not  insensible  to  the 
action  of  the  magnet,  but,  contrary  to  his  former  experiments, 
that  there  exist  sensible  differences  between  different  elastic 
fluids  with  regard  to  their  magnetic  or  diamagnetic  pro- 
perties. 

He  first  satisfied  himself  that  hot  air  is  powerfiilly  diamag- 
netic in  respect  to  cold  air.  He  arrived  at  this  result  by 
placing  between  the  two  poles  of  the  electro- magnet,  but  a 
little  below  their  surface,  a  helix  of  platinum,  rendered 
powerfully  incandescent  by  an  electric  current.  So  long  as 
the  electro-magnet  was  not  magnetised,  the  current  of  hot  air 
rose  regularly  between  the  two  poles ;  but  immediately  mag- 
netisation was  produced,  it  was  perceived  -by  means  of  the 
thermometer,  and  even  simply  by  the  sensation  experienced 
by  the  fingers,  that  the  ascending  current  of  hot  air  divided 
itself  into  two  currents,  mounting  separately  on  the  two  sides 
of  the  axial  line ;  and  that  there  was  between  them  a  current 
of  cold  air,  descending  between  the  poles.  The  converse  ex- 
periment was  made ;  namely,  by  passing  a  current  of  air  into 
a  tube,  surrounded  by  a  fireezing  mixture ;  and  it  was  found, 
by  means  of  a  thermoscope  placed  below  the  poles  of  the 
electro-magnet,  that  this  current  was  carried  upon  the  axial 
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line ;  a  further  proof  that  cold  air  is  more  magnetic  than  hot 
air. 

In  order  to  operate  upon  the  different  gases^  and  to  dis- 
cover the  direction  they  assume  in  the  magnetic  fields  Mr. 
Faraday  employed  glass  tubes  open  at  both  ends^  about  f  in* 
wide^  and  2^  in.  long,  arranged  in  different  ways  around, 
above,  or  below  the  poles  of  the  electro-magnet,  and  con- 
taining within  them  a  piece  of  paper  moistened  with  ammonia. 
Each  gas,  when  submitted  to  experiment,  was  itself  mixed 
with  a  very  slight  quantity  of  muriatic  acid,  a  quantity  not 
sufficient  of  itself  to  give  white  vapours  in  air,  but  capable  of 
producing  them  by  its  mixture  with  ammonia.  In  this  way, 
the  appearance  of  the  white  cloud  indicated  in  which  tube  the 
gas  had  passed ;  whence  it  was  easy  to  conclude  what  direc- 
tion it  had  followed,  and,  consequently,  if  it  were  magnetic 
or  diamagnetic  in  respect  to  the  surrounding  medium.  A 
current  of  oxygen,  which  descended  vertically  between  the 
poles,  was  in  no  way  affected  by  the  magnetisation  of  the 
electro-magnet;  but  the  current  of  the  gas  having  been 
slightly  displaced  and  put  outside  the  axial  line,  the  oxygen 
was  seen,  under  the  magnetic  influence,  to  approach  this  line 
and  to  descend  in  the  tube  placed  directly  below,  and  not 
in  that  in  which  it  had  previously  descended.  Thus  oxygen 
is  powerfully  magnetic  in  respect  to  air.  The  reverse  is  the 
case  for  nitrogen.  It  was  also  foimd  with  hydrogen,  notwith- 
standing the  difficulty  of  operating  with  it,  on  account  of  its 
specific  lightness,  that  it  is  very  diamagnetic  in  ordinary  air. 
He  did  the  same,  in  respect  to  carbonic  acid,  which  places 
itelf  in  the  equatorial  direction  in  a  very  decided  manner. 
Lime  water,  by  becoming  white,  indicated  in  an  elegant 
manner  into  which  tube  the  carbonic  acid  was  directed.  All 
the  other  gases,  to  the  number  of  fifteen,  that  were  submitted 
to  experiment  were  found  by  Faraday  to  be  diamagnetic, 
with  the  exception,  perhaps,  of  nitrous  gas,  which  appeared 
to  be  magnetic. 

M.  E.  Becquerel,  when  observing  the  repulsion  exercised 
by  the  poles  of  the  electro-magnet  upon  different  bodies,  such 
as  cylinders  of  wax  or  glass,  placed  in  vacuum  or  in  different 
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gases^  succeeded  in  recognising^  as  Mr.  Faraday  had  done, 
the  magnetic  power  of  oxygen.     The  fraction  i^oSaw^  which^ 
according  to  M.  Becquerel's  accurate  experiments,  expresses 
the    specific  magnetism   of  this   gas   for  equal   masses,   in 
respect  to  soft  iron,  places  it  among  the  most  powerfully 
magnetic  fluids;    in  fact,  concentrated  solution  of  proto- 
chloride  of  iron,  the  most  magnetic  liquid  known,  is  nearly 
three   times  less  attracted  than  oxygen  for  equal  weights. 
The  magnetic  power  of  oxygen  increases  with  the  elastic 
force ;  and  the  effect  appears  to  be  very  exactly  proportional 
to  this  force,  and  consequently  to  the  quantity  of  material 
particles  contained  under  a  given  volume.     Atmospheric  air 
presents  the  same  effects  as  oxygen,  and  nearly  in  the  same 
intensity ;  which  latter  is  less  on  account  of  the  presence  of 
nitrogen.     M.  E.  Becquerel  has  made  some  Airther  experi- 
ments upon  the  gases,  by  condensing  them  by  means  of  frag- 
ments of  charcoal,  which  he  then  suspends  between  the  poles 
of  the  electro-magnet :  he  has  again  proved  by  this  method 
the  magnetism  of  oxygen,  which,  by  its  presence  in  the  pores 
of  carbon,  renders  this  substance  magnetic  from  being  dia^ 
magnetic,  which  it  is  naturally;  whilst  other  gases,  con- 
densed in  the  same  manner,  increase  its  diamagnetic  power. 
With  regard  to  nitrogen  and  hydrogen,  they  do  not  become 
sufficiency  condensed  in  carbon  to  enable  us  to  detect  any 
sensible  effect  within  the  limits  of  the  observations. 

Faraday  conceived  a  very  elegant  and  very  sensitive 
method  of  showing  the  magnetic  and  diamagnetic  properties 
of  gases;  it  consists  in  employing  soap-bubbles  of  the  gas 
that  is  to  be  experimented  upon.  When  placed  in  the  mag- 
netic field,  they  are  attracted  or  repelled  according  as  the 
gas  is  magnetic  or  diamagnetic  in  respect  to  air;  thus  a 
bubble  filled  with  oxygen  is  powerfrdly  attracted.  But,  in 
order  to  operate  in  a  more  convenient  and  accurate  manner, 
Faraday  replaced  the  soap-bubbles  by  little  balls  of  very  thin 
glass,  into  which  the  gas  is  introduced;  he  places  two  of 
these  balls,  each  filled  with  a  different  gas,  upon  one  of  the 
extremities  of  a  horizontal  wooden  lever,  suspended  delicately 
to  a  torsion  thread ;  and  he  so  arranges  his  apparatus,  that 
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each  ball  is  in  the  neighbourhood  of  the  pole  of  the  electro- 
magnet. The  power  necessary  to  bring  them  back  to  a 
position  equidistant  firom  the  pole^  becomes  the  measure  of 
their  magnetic  or  diamagnetic  force.  By  means  of  this  dif- 
ferential torsion  balance,  not  only  may  gases  be  compared 
with  each  other,  but  the  same  gas  may  also  be  compared 
with  itself  at  different  degrees  of  density.  Thus,  it  was 
found  that  oxygen  was  less  magnetic  in  prd)x)rtion  as  it  is 
more  rarified;  but  it  is  still  so,  even  when  a  very  great 
degree  of  rarefaction  is  produced.  A  ball  in  which  a  vacuum 
has  been  made  after  its  having  been  filled  with  oxygen,  may 
even  compensate  the  effect  of  a  ball  filled  with  nitrogen 
under  the  ordinary  pressure.  This  last  gas,  as  well  as 
several  others,  does  not  appear  to  undergo  any  alteration  in 
its  diamagnetic  power  by  a  diminution  in  its  density.  Ele- 
vation of  temperature  diminishes  the  magnetic  power  of 
oxygen,  and  exercises  no  influence  over  nitrogen.  We  shall 
see,  in  the  Chapter  of  the  Fifth  Part  upon  Electricity  and 
Terrestrial  Magnetism,  the  application  Mr.  Faraday  makes  of 
this  double  opposite  property  of  oxygen  and  nitrogen,  in  ex- 
planation of  the  several  phenomena  of  terrestrial  magnetism. 

M.  Plucker,  on  his  part,  had  succeeded,  after  M.  Ban- 
calari's  discovery,  in  showing  the  repulsion  exercised  by  the 
poles  of  the  electro-magnet  upon  the  vapour  of  iodine,  chlo- 
rine, bromine,  nitrous  acid,  mercury,  and  water,  as  well  as 
upon  heated  air.  He  had  likewise  observed  the  same  effect 
upon  the  flames  of  essence  of  turpentine,  fat,  stearine,  alcohol, 
sulphur,  phosphorus,  and  hydrogen.  We  may  see  in  Fig.  156. 
the  apparatus  employed  by  this  philosopher  in  all  his  re- 
searches. It  is  an  electro-magnet,  surmounted  by  a  Coulomb 
balance,  with  the  suspension  thread.  It  will  be  seen  that 
this  very  powerftd  electro-magnet  is  folmed  by  four  thick 
copper  wires,  covered  with  silk,  coiled  separately  around  its 
two  branches ;  and  that  the  ends  of  each  of  the  wires  arrive 
at  as  many  metal  rings  as  there  are  ends.  These  rings  are 
fixed  one  over  the  other,  upon  two  insulating  stems,  so  as 
not  to  communicate  metallically  together.  By  a  combination 
of  conductors  easy  to  be  understood,  we  may  put  the  four 
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'    wires  parallel  into  the  circuit,  or  place  them  so  that  the  cur- 
i    rent  traverses  successivelj  either  the  whole,  or  only  two  or 


6 


Fig.  156. 

three ;  and  it  is  also  easy  to  arrange  them  so  that  one  only 
is  in  the  circuit  A  commutator,  placed  between  the  two 
small  columns,  to  which  the  extremities  of  the  four  wires 
arrive,  permits  of  our  easily  changing  the  direction  of  the 
current. 

It  was  by  means  of  this  electro^magnet  that  M.  Plucker 
made  all  his  experiments,  whether  upon  flames,  upon  liquids, 
or  upon  solid  bodies,  and  particularly  upon  crystals.  But, 
before  setting  forth  their  details,  we  should  mention  the  ex- 
periment, by  which  he  succeeded  in  proving,  in  an  absolute 
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moDner^  the  repulsive  action  exercised  upon  particles  of  air 
by  magnetism^  —  a  result  that  we  were  not  able  to  deduce 
from  Faraday's  experiments ;  which  being  always  made  upon 
a  gas  itself^  placed  in  another  gaseous  medium^  never  gave, 
as  this  philosopher  himself  remarked,  any  other  than  a  rela- 
tive eflfect  The  Fig.  156.  «.^represents  an  air  thermoscope, 
the  reservoir  of  which  is  made  of  very  thin  plates  of  brass,  of 
a  concave  form,  against  which  are  accurately  applied  the  two 
convex  parts  of  the  armatures,  serving  as  poles  to  the  electro- 
magnet, between  which  it  is  thus  placed.  By  this  means, 
the  latter  are  brought  to  a  distance  of  ^  of  an  in.  from  each 
other.  After  having  waited  imtQ  equilibrium  of  temperature 
is  well  established,  the  electro-magnet  is  magnetised  with  ten 
pairs  of  Grove's,  and  we  immediately  perceive  that  the  drop  of 
coloured  alcohol,  which,  by  moving  in  the  glass  tube,  serves 
as  an  index  for  the  thermoscope,  indicates  by  a  depression  of 
y^^  of  an  in.  or  so  that  the  volume  of  air  has  augmented ; 
dien  the  current  being  interrupted,  the  drop  immediately 
returns  to  its  primitive  place. 

M.  Plucker  had  concluded,  from  his  experiments,  that  air 
is  diamagnetic,  since  it  is  repelled  by  the  two  poles  of  the 
magnet  This  conclusion,  which  is  evidently  erroneous,  since 
it  is  in  opposition  to  the  results  of  the  experiments  of  Faraday 
and  of  Becquerel,  shows  us  that  this  mode  of  operating  is 
defective;  and,  in  fact,  it  is  a  di£Bcult  matter  to  abstract 
either  the  influence  of  temperature  or  that  of  the  electro- 
magnet upon  the  substance  of  which  the  sides  of  the  reser- 
voir are  formed.  Has  not  M.  Plucker  pursued  experiments 
of  this  kind  too  far  ?  But,  on  the  other  hand,  there  is  a  class 
of  phenomena,  connected  with  the  same  subject,  of  which  he 
made  a  special  study.;  these  are  the  very  remarkable  changes 
of  form  that  result  to  visible  gases,  such  as  flames,  and  to 
liquids,  from  the  action  exercised  upon  them  by  the  poles  of 
the  electro-magnet 

When  flames  are  in  question,  it  is  necessary,  in  order  to 
make  this  class  of  experiments,  to  remove  the  upper  part  of 
the  glass  cage,  so  that  it  shaU  not  be  altered  by  the  heat  or 
emoke  arising  from  combustion;  but  to  preserve  the  lateral 
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sides^  so  as  to  prevent,  as  mucli  as  possible,  the  form  that  the 
flame  assumes  being  disturbed  by  the  agitation  of  the  air. 
We  must  also  adjust  to  the  two  armatures  of  the  electro^ 
magnet  {Fig*  156.)  a  or  &,  in  place  of  the  conical  points  by 
which  they  are  terminated,  the  sharper  points  c  and  d ;  and 
then  bring  them  to  a  distance  of  about  f  of  an  in.  from  each 
other,  and  so  that  they  may  be  at  |  or  |^  the  height  of  the 
flame  that  is  interposed  between  them.   Figs.  157.  and  157.  a.. 


^.  157.  a. 

158.  and  158a.,  represent  respectively  the  equatorial  and 
axial  sections  of  the  flame  of  a  tallow  candle  subjected  to  the 
influence  of  the  two  polar  points,  the  latter  being  at  the 
distance  of  f  of  an  in.  from  each  other,  and  successively  at  ^ 
and  at  ^  the  height  of  the  flame.     Fig.  158.  b.  represents  the 


fMf'  158.  Fiff,  158.  a.  jPiy  158.  6. 

flame  in  this  latter  case,  seen  from  above  downwards ;  it  has 
the  form  of  an  elliptical  ring,  which  surrounds  a  dark  space, 
and  which  is  itself  surrounded  by  a  narrow  and  but  slightly 
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illuminated  ring.     Figs.  159.  and  159.  a.  represent  the  equa- 
torial and  axial  section  of  the  flame,  when  the  two  polar 

■4V. 


Fig,  159. 


Fig.  159.  a. 


points  are  at  the  height  of  the  upper  extremity  of  the  wick. 
Before  the  electro-magnet  is  magnetised,  the  presence  of 
these  iron  points,  by  cooling  the  flame,  prevents  its  burning 
with  its  full  amount  of  brilliancy;  but  inunediately  the 
electric  current  is  established,  and,  consequently,  magnet- 
isation is  produced,  the  flame  not  only  recovers  its  original 
brilliancy,  but  even  bums  with  more  force,  although  still 
being  depressed.  Of  all  flames,  the  one  upon  which  the 
action  of  the  magnetism  is  the  most  remarkable,  and  produces 
the  most  decided  alteration  of  form,  is  the 
flame  arising  &om  the  combustion  of  es- 
sence of  turpentine.  We  see  (in  Fig.  160.) 
the  appearance  that  it  assumes,  and  the 
two  columns  of  smoke  that  rise,  like  the 
branches  of  a  parabola.  When  withdrawn 
from  the  influence  of  the  poles  of  the 
electro-magnet,  this  flame  is  perfectly 
cylindrical  and  very  short,  and  sur- 
mounted by  a  long  column  of  smoke,  also 
cylindrical.  It  is  not  without  some  diffi- 
culty that,  in  all  these  experiments,  we 
succeed  in  bringing  the  two  polar  points 
as  near  as  is  necessary,  without  their  mu- 
tual attraction  bringing  them  into  contact 
Fig.  160.  ^^  jj^^^  g^^  ^^^  ^  Plucker  had 

also  succeeded  in  demonstrating  the  magnetism  and  dia- 
magnetism  of  liquids,  whose  particles,  moreover,  are  movable, 
like  those  of  elastic  fluids,  by  means  of  the  changes  of  form 
that  are  determined  in  them  by  magnetic  influence.     It  is 
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necessary  for  this  to  place  the  liquid  in  a  very  thiQ  watch- 
glass,  and  to  place  this  watch-glass  so  that  it  rests  upon  the 
two  armatures  of  the  electro-magnet,  which  are  so  turned 
that  they  each  present,  on  the  side  where  they  face  each 
other,  a  slightly  rounded  form,  like  the  lower  form  of  the 
piece  a  of  the  Fig,  156.  K  we  pour  into  the  watch-glass  a 
magnetic  liquid,  for  example,  chloride  of  iron,  so  that  it 
presents  in  its  lower  part  a  circular  surface  of  about  an  inch 
in  diameter,  we  see  it  successively  assume  forms  which 
depend  on  the  greater  or  less  proximity  of  the  two  polar 
armatures.  In  all  the  figures  that  follow,  the  two  arcs  of  the 
circle,  described  with  large  radii  and  marked  with  finer  lines, 
represent  the  edges  of  the  two  armatures  upon  which  the 
watch-glass  rests;  the  dotted  lines  are  the  horizontal  and 
vertical  sections  of  the  liquid  before  the  armatures  are 
magnetised,  and  the  full  and  strong  lines  these  same  sections 
when  magnetisation  makes  its  influence  to  be  felt.  We  see 
in  the  Figs.  161.,  162.,  163.,  164.,  which  represent  the 
horizontal  sections  of  the  liquid,  that,  when  the  armatures 
are  very    near    together,    it  assumes    an    elliptical    form, 


"'^l — I — r    I  \     I 

^Vx  }lJ^  I  /  I      D 


Fig,  161. 


Fig.  162. 


.r< 


Fig.  161.  6. 


Fig,  162.  6. 
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elongated  in  the  equatorial  direction^  CD:  and  changes  its 
form  by  elongating  in  the  axial  direction  ab,  in  proportion  as 
the  armatures  are  drawn  apart  The  latter  are  placed  suc^ 
cessively  at  distances  from  each  other  of  -098,  -aQS,  -590, 
*905y  1-21  inches.     The  same  letters  represent  in  each  case 


Fiff.  1 63.  a. 


Fig.  164.0. 


-T^ 


Fig.  163.  6. 

the  vertical  sections  of  the  liquid:  those  marked  with  the 
letter  a,  in  the  direction  of  the  axis,  or  axial ;  those  marked 
with  the  letter  hy  in  the  direction  perpendicular  to  the  axis, 
or  equatorial  Fig.  164.  has  no  yertical  section  in  the  equa^ 
torial  direction,  seeing  that  this  section  is  reduced  to  a  simple 
right  line.  The  mass  of  the  liquid  remains  constantly  the 
same  in  all  the  experiments. 

At  the  distance  of  '59  in.  {Fig.  163.)  the  liquid  contracts 
in  the  equatorial  as  well  as  in  the  axial  direction ;  in  this 
latter  direction  its  convexity  diminishes,  and  it  changes  in 
concavity  in  the  former.  With  regard  to  the  vertical  section 
in  the  direction  of  the  axis  (Fig.  163.a.),  it  indicates  a  hollow, 
like  a  valley,  in  the  middle,  with  two  protuberances  near  the 
edges,  exactly  at  the  points  corresponding  to  the  vertical 
projection  at  the  edges  of  the  armatures.  The  vertical 
section,  in  the  direction  perpendicular  to  the  axis  {Fig.  163.  &.), 
continues  to  be  a  right  line,  terminated  at  its  two  extremities 
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by  two  slight  curves.  Fig.  164.,  which  represents  the  form 
of  the  liquid  when  the  armatures  are  at  the  distance  of  '905 
in.^  indicates  the  same  effects^  but  in  a  still  more  decided 
manner;  the  contraction,  in  particular,  in  the  equatorial 
direction,  is  much  more  powerful.  When  the  distance  is 
extended  to  1'21  in*,  the  edges  of  the  armatures  are  foimd 
withoutside  the  circle  formed  by  the  liquid  in  its  natural 
state,  this  circle  being  only  about  an  inch  in  diameter.  It 
follows  from  this  that  the  alteration  of  form  is  feeble,  and 
consists  in  the  transformation  of  the  circle  into  an  ellipse, 
slightly  excentric  in  the  direction  of  the  axis. 

If,  instead  of  a  magnetic  liquid,  we  place  in  the  watch- 
glass  a  diamagnetic  liquid,  this  liquid,  when  the  armatures 
are  at  the  distance  of  '098  iiL,  as  in  Fig.  161.,  acquires  a  form 
whose  vertical  section  in  the  direction  of  the  axis  is  repre- 
sented by  Fig.  166. ;  and  by  Fig. 
166.,  when  the  two  armatures 
are  at  the  distance  of  '590  in.,  as 
Fig.  165.  in  Fig.  162.     We  see  that  the 

protuberance,    that    occurs    at 
these  smaU  distances  above  the 
^^    '^^  edges   of  the   armatures,   when 

the  liquid  is  magnetic,  is  replaced, 
when  the  liquid  is  diamagnetic,  by  cavities ;  but  which  are 
less  decided,  it  is  true,  than  were  the  protuberances.  In 
both  cases,  the  liquid  ceased  to  obey  the  laws  of  hydrostatics, 
by  the  effect  of  the  attraction  or  repulsion  exercised  upon  its 
particles. 

In  order  to  determine  whether  a  liquid  is  magnetic  or 
diamagnetic,  it  is  sufficient,  therefore,  to  pour  a  small 
quantity  of  it  into  a  watch-glass,  placed  upon  the  two 
armatures,  so  arranged  that  they  are  about  a  tenth  of  an  inch 
apart  The  liquid  immediately  undergoes  the  change  of 
form  that  we  have  been  describing ;  and  from  the  new  form, 
which  is  different  in  each  case,  we  conclude  that  the  liquid 
is  magnetic  or  diamagnetic.  If  the  change  of  form  is  not 
sufficiently  decided  for  us  to  perceive  it  by  looking  directly 
upon  the  surface  of  the  liquid,  we  may  render  it  sensible. 
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provided  it  exists,  by  the  image  that  is  given  by  reflection 
upon  this  surface  of  a  distant  object.  It  is  well  to  remark,  in 
terminating  this  subject,  that  the  arrangement  assumed  by 
a  magnetic  liquid,  under  the  influence  of  the  two  poles,  is 
altogether  analogous  to  that  which  is  determined  upon  a  fine 
magnetic  powder,  such  as  iron  filings,  by  this  latter  influence ; 
that  is  to  say,  that  the  particles  of  the  liquid,  Uke  those  of  the 
powder,  tend  towards  all  the  points  where  the  force  of  the 
magnet  is  the  greatest  With  a  diamagnetic  liquid,  the  form 
is  such  that  the  particles  of  liquid  appear  to  avoid  these  same 
points.  We  may  very  readily  prove  by  this  means  the 
diamagnetism  of  water,  of  alcohol,  and  even  of  mercury ;  for 
mercury  we  have  merely  to  place  it  in  a  capsule  of  metal,  the 
interior  surface  of  which  has  been  previously  amalgamated. 
It  is  remarkable  that,  when  subjected  to  this  proof,  the  red 
solution  of  cyanuret  of  potassium  showed  itself  magnetic, 
and  the  yellow  diamagnetic ;  whilst,  in  the  solid  state,  these 
two  bodies,  as  Faraday  observed,  are  diamagnetic. 


Magnetic  Properties  of  Crystals  and  the  Magneto-crystalline 

Force. 

M.  Plucker,  being  desirous  of  finding  the  extent  to  which 
the  direction  of  the  fibres  in  organic  bodies  might  influence 
their  magnetic  or  diamagnetic  properties,  was  led  to  inquire 
whether  in  crystals  the  direction  of  the  optic  axes,  which 
itself  depends  upon  the  arrangement  of  the  particles,  might 
not  also  exercise  some  influence.  He  first  submitted  to  the 
action  of  the  electro-magnet  a  thin  plate  of  tourmaline,  such 
as  is  employed  in  experiments  upon  polarisation,  having  its 
optic  axis  parallel  to  its  longest  length.  It  was  very  quickly 
perceived  that  the  plate  was  magnetic,  by  the  effect  of  the  iron 
that  it  contains ;  but  it  was  suspended  successively  in  three 
ways,  first  so  that  its  longest  side  was  vertical,  then  so  that 
the  shortest  side  was  vertical,  and  finally,  so  that  the  plate 
itself  was  horizontal.  In  the  first  case  it  is  directed  between 
the  two  points  of  the  conical  armatures  of  the  poles,  like  a 
magnetic  body;  in  the  other  two  cases,  on  the  contrary,  it 
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took  the  direction  assumed  by  diamagnetic  bodies,  that  is  to 
say,  a  direction  such  that  its  longest  length  was  perpendicular 
to  the  line  joining  the  poles.  This  direction  indicated  that 
the  optical  axis  was  repelled  by  the  two  poles,  and  that  this 
repulsion  outweighed  the  magnetic  properties  of  the  crystal. 
Other  tourmalines,  obtained  from  different  sources,  which 
were  submitted  to  experiment,  both  transparent  as  well  as 
opaque,  gave  the  same  result.  Although  magnetic,  they 
placed  themselves,  when  at  a  certain  distance  from  the  poles 
of  the  electro-magnet,  so  that  their  optical  axis  was  perpen- 
dicular to  the  axial  line  connecting  the  two  poles.  It  is 
important  to  remark  that  the  force  which  produces  the 
repulsion  of  the  optical  axis  diminishes  in  intensity  with  the 
distance  of  the  poles  of  the  electro^magnet  from  the  crystal, 
in  a  proportion  less  rapid  than  the  magnetic  or  the  dia- 
magnetic force  that  acts  upon  the  entire  mass  of  the  substance. 
On  which  account,  in  order  to  annul  the  effects  of  this  latter 
force,  and  to  perceive  that  of  the  former,  the  magnetic  poles 
must  be  withdrawn  to  a  certain  distance. 

A  plate  of  calcareous  spar  was  submitted  to  the  same 
proof;  its  two  large  faces  were  perpendicular  to  the  optic 
axis,  and  it  was  first  seen  to  direct  itself  equatorially,  conse- 
quently, so  that  its  optical  axis  was  itself  directed  axially ;  a 
result  of  the  diamagnetism  of  the  substance.  But  the  poles 
of  the  electro-magnet  having  been  made  to  recede,  the  axis  of 
the  crystal  assumed  the  equatorial  direction,  as  if  the  substance 
were  itself  magnetic.  Beryl,  dioptase,  vesuvian,  which  are 
all  magnetic  substances,  present  the  same  phenomenon  as 
tourmaline  and  calcareous  spar;  we  should  not  omit  to 
remark  that  all  those  crystals  endowed  with  double  refraction 
are  negative,  that  is  to  say,  that  in  double  refraction  the 
extraordinary  ray  is  repelled  by  the  axis.  With  regard  to 
the  crystals  with  two  axes  equally  negative,  such  as  mica, 
their  two  axes  are  equally  repelled  by  the  two  poles,  which 
causes  them  to  take  a  direction  such  that  their  mean  line 
places  itself  equatorially.  All  these  experiments  were  made 
with  the  apparatus,  Fig.  156.,  in  which  a  cocoon  filament, 
terminated  by  a  small  hook,  serves  for  suspending  the  crystal 
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between  the  two  conical  armatures  adjusted  to  the  poles  of 
the  electro-magnet 

Some  observations,  that  are  not  very  decided,  made  upon 
quartz  and  topaz,  which  are  positive  crystals,  namely,  in 
which  the  extraordinary  ray  is  attracted  by  the  axis,  had  at 
first  led  M.  Plucker  to  extend  to  all  crystals  the  laws  that  we 
have  just  laid  down ;  when  some  fresh  researches  of  Mr.  Fara- 
day's established  in  this  respect  a  characteristic  difFerence 
between  the  different  crystalline  substances ;  differences,  the 
accuracy  of  which  were  confirmed  by  fturther  researches  by 
M,  Plucker  himself. 

Struck  by  the  irregularities  that  certain  specimens  of 
bismuth  presented  to  him  in  the  action  that  is  exercised  upon 
them  by  the  magnet,  Faraday  satisfied  himself  that,  although 
always  strongly  diamagnetic,  this  metal  presents  a  particular 
polarity  in  its  crystalline  state.  Having  obtained  by  the 
ordinary  process  well  determined  crystals  of  bismuth,  and 
which  weighed  from  18  grs.  to  100  grs.,  he  suspended  one 
delicately  by  a  filament  of  cocoon  silk  between  the  poles  of 
the  electro-magnet.  A  first  specimen,  weighing  25  grs., 
commenced  by  oscillating  powerfully  round  a  given  line,  in 
the  direction  of  which  it  finally  fixed  itself  with  force, 
returning  to  it  as  soon  as  it  was  removed  from  it:  this 
direction  was  such  that  the  great  axis  was  situated  axially  in 
respect  to  tlie  poles.  Another  specimen,  whose  axis  was  ot, 
like  that  of  the  preceding  one,  situated  in  the  longer  length  of 
the  crystal,  apparently  directed  itself  equatorially,  but  always 
so  that  its  axis  was  situated  axially  in  respect  to  the  poles. 
In  general,  pieces  fashioned  in  all  possible  manners,  all  directed 
themselves  and  took  a  final  position,  which  had  no  relation 
with  the  exterior  form,  but  depended  evidently  upon  tlie 
crystalline  state  of  the  substance.  Bismuth  in  a  mass  always 
remains  powerfully  diamagnetic,  and  continues  to  be  repelled 
by  each  of  the  poles  of  the  magnet ;  w^hich  does  not  prevent 
its  axis  directing  itself  axially,  as  would  that  of  a  magnetic  but 
not  magnetised  substance;  for,  providing  that  the  direction 
remains  axial,  it  is  of  little  consequence  whether  it  be  one  or 
other  of  the  extremities  of  the  axis,  that  is  situated  towards 
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^  one  or  the  other  pole.  Thus,  the  directive  force  and  the  final 
position  of  the  crystal  are  axial^  and  the  crystal  may  fix  itself 
i  with  equal  facility  and  on  equal  permanence  in  the  two 
i  positions  diametrically  opposed ;  so  that,  between  the  latter, 
c  there  exist  two  positions  of  equatorial  equilibrium,  which  are 
:  naturally  unstable.  On  which  account  the  property  in  question 
s  is  hetter  expressed  by  the  words  aarial  or  aanality^  than  by  the 
E  words  polar  and  polarity.  Mr.  Faraday  also  called  the  line 
:.  according  to  which  the  directive  force  is  exercised  the  magne- 
r   crystalline  line,  in  oixier  to  distinguish  it  from  the  force,  which 

he  calls  magneto^crystalline, 
J         The  direction  of  the  force  is  not  easy  to  be  determined 
>    beforehand  in  the  crystal,  although  it  is  connected  with  the 
.    mode  of  crystallisation;  but  the  latter  is  sometimes  a  little 
I    confused.     In  general,  experiment   shows   that  the  magne- 
j    crystalline  line  is  peri)endicular  to  the  small  cleavage  plane 
J    determined  on  removing  one  of  the  solid  angles  of  the  cube ; 
J    that  is,  obtained  by  detaching  an  isolated  crystal  of  bismuth 
from  a  solid  mass.     It  is  easy  to  recognise  the  direction  of  the 
'     line,  by  suspending  the  crystal  in  different  manners ;  because 
^     it  is  always  directed  so  that  this  line,  or  the  plane  containing 
it,  is   axial.     If  the  mode  of  suspension  is   such  that  the 
magne-crystalline  line  is  vertical,  then  the  crystal  does  not 
direct  itself  at  all,  as  was  the  case  in  M.  Plucker's  experiments 
with  the  plate  of  tourmaline.     It  is  evident,  in  fact,  that  this 
axis  has  all  its  points  situated  symmetrically  in  respect  to  the 
two  magnetic   poles,  and   there  is  no  reason  that   it   shall 
not  remain  vertical.     By  combining  together  several  pieces  of 
bismuth,  for  example,  three  equal  plates  arranged  rectan- 
gularly one  in  respect  to  the  other,  we  may  easily  obtain  a 
system  that  has  lost  all  power  of  directing  itself  under  the 
influence  of  the  magnet,  the  force  being  neutralised  in  all 
directions.     This  happens  with  amorphous  bismuth,  which  is 
obtained  by  melting  a  uniform  mass  of  crystals  and  allowing 
them  to   cool  tranquilly  in   a  glass    tube:  the  mass   thus 
obtained  is  without  magne-crystalline  force.     The  same  result 
is  obtained  by  breaking  the  crystal  and  placing  its  fragments 
or  its  powders  in  a  tube  which  is  submitted  to  the  action  of 

1  I   2 


Digitized  by 


Google 


484  MAGNETISM  AND   ELECTEO-DYNAMICS.         part  lit. 

the  magnet.     In  every  case  the  mass  always  obeys  the  law9 
of  diamagnetism^  and  consequently  places  itself  equatorially. 

The  surrounding  media  exercise  no  influence  over  the 
magne- crystalline  property  of  bismuth^  which  establishes  a 
further  difference  between  this  action  and  diamagnetic  action. 
Mr.  Faraday  only  found  two  crystals  of  bismuth,  both  of 
which,  being  directed  by  an  electro-magnet,  are  able  to 
exercise  a  mutual  influence  upon  each  other ;  he  thought  he 
found  indications  that  a  crystal,  freely  suspended,  assumed  a 
direction,  under  the  magnetic  action  of  the  earth,  so  that  its 
magne-ciystalline  axis  was  nearly  parallel  to  the  direction  of 
the  dipping-needle. 

A  crystal  of  bismuth  takes  a  direction  in  a  helix,  traversed 
by  an  electric  current,  in  such  a  manner  that  the  magne- 
crystalline  axis  is  parallel  to  the  axis  of  the  helix. 

Antimony  and  arsenic  present  the  same  phenomena  as 
bismuth.  In  antimony,  the  magne-crystalline  line,  which 
places  itself  axially,  is  directed,  as  in  bismuth,  from  one  of 
the  solid  angles  to  the  opposite  angle,  and  is  perpendicular  to 
the  face  obtained  by  knocking  off  the  cleavage  angle.  Anti- 
mony presents  a  singular  phenomenon,  that  is  due  to  its 
conducting  power  for  electricity,  which  is  superior,  when  the 
metal  is  in  its  crystalline  state,  to  that  of  bismuth.  There  is 
a  kind  of  stopping  or  revulsive  action,  that  it  experiences  in 
its  movement  of  direction,  at  the  moment  when  the  current, 
by  which  the  electro-magnet  is  magnetised,  is  interrupted. 
The  development  of  inductive  currents  is  the  cause  of  it ;  so 
that  this  particular  species  of  action  depends  greatly  upon 
the  continuity  of  the  mass.  Thus  it  happens  that  a-  large 
piece  of  antimony  possesses  it  in  a  higher  degree  than  several 
small  fragments,  and  the  latter  in  a  higher  degree  than  the 
substance  reduced  to  powder.  In  order  to  protect,  it  from 
this  revulsive  movement,  which  may  sometimes  prevent  the 
very  distinct  manifestation  of  the  magne-crystalline  power,  it 
is  preferable  to  employ  an  ordinary  magnet,  which,  being 
more  feeble  than  an  electro-magnet,  is  sufficient  for  deter- 
mining the  direction  of  the  magne-crystalluie  axis,  without 
leading  to  the  inconvenience   of  producing  inductive   cur- 
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rents.  Whatever  may  be  the  case,  if  we  operate  upon  small 
fragments,  and  in  particular  with  narrow  plates,  which  have 
as  much  directive  force  as  wide  plates,  but  which  are  un- 
favourable to  the  production  of  inductive  currents,  we  obtain 
the  desired  direction  in  a  very  evident  manner.  With  a 
little  attention,  we  also  see  this  direction  manifested,  even 
when  these  precautions  have  not  been  taken ;  and  it  is  easily 
detected  in  the  midst  of  the  revulsive  movements,  and  of  the 
kind  of  resistance  which  this  crystal  appears  to  undergo. 

With  regard  to  arsenic,  although  powerfully  diamagnetic, 
it  no  less  possesses,  in  the  crystalline  state,  the  magne- 
crystalline  force.  A  plate,  whose  cleavage  faces  were  very 
flat,  when  placed  before  "one  of  the  poles  of  the  electro- 
magnet, was  strongly  repelled ;  but,  when  suspended  between 
the  two  poles,  directed  itself  immediately  so  that  its  magne- 
crystalline  line  was  axial. 

It  was  in  vain  that  Mr.  Faraday  endeavoured  to  discover 
the  magne-crystalline  force  in  other  metals  in  the  crystalline 
state ;  he  was  not  able  to  succeed,  except  perhaps  with  two 
alloys,  one  of  iridium  and  osmium,  and  the  other  of  titanium 
and  tellurium,  which  gave  him  some  signs.  But,  on  the 
other  hand,  sulphate  of  iron,  and  that  of  nickel  in  the  crystalline 
state,  clearly  manifested  a  magne-crystalline  direction,  com- 
pletely independent  of  their  magnetic  properties. 

It  is  easy  to  see  that  Faraday's  experiments  are  altogether 
of  the  same  order  as  those  of  Plucker.  Thus,  this  latter 
philosopher  was  led  to  admit,  that,  among  crystals,  there  are 
some  whose  axis  is  attracted,  as  there  are  others  whose  axis 
is  repelled,  by  the  magnetic  poles;  the  crystals  studied  by 
Faraday  belong  to  the  former  category,  those  upon  which 
M.  Plucker  made  his  first  experiments  belong  to  the  latter. 
Now,  crystals  of  bismuth,  antimony,  and  arsenic  have  the 
form  of  rhomboids ;  they  are,  consequently,  crystals  with  a 
single  axis:  but,  as  they  are  not  transparent,  we  cannot 
know  whether  they  are  negative  or  positive.  On  the  other 
hand,  by  subjecting  other  crystals  to  experiments,  M.  Plucker 
arrived  at  this  simple  law,  namely,  that  if  the  crystal  is 
positive,  there  is  attraction ;  that  is  to  say,  the  optical  axis 
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is  directed  axially ;  whilst,  as  we  have  seen,  if  the  crystal  is 
negative,  there  is  repulsion,  and  the  axis  is  directed  equa* 
tonally.  According  to  this,  the  crystals  of  bismuth,  antimony^ 
and  arsenic  would  be  positive,  as  are  quartz,  diopside,  augite. 

A  very  remarkable  thing  is  that  a  crystal  of  cyanite,  deli- 
cately suspended  from  a  cocoon  filament,  is  influenced  by 
terrestrial  magnetism,  as  it  is  by  a  magnet;  and,  in  con- 
sequence, it  takes  the  same  direction  as  is  taken  by  a  true 
magnetised  needle.  It  is  not  necessary  that  the  crystals  of 
cyanite  should  have  been  previously  submitted  to  the  action 
of  a  magnet,  in  order  to  acquire  this  property ;  they  possess 
it  of  themselves.  It  appears  that  terrestrial  magnetism  de- 
velopes  in  them  a  true  polarity;  for  it  is  always  the  same 
extremity  that  is  directed  towards  the  north,  and  the  same 
towards  the  south.  But,  of  all  crystals,  that  which  is  most 
powerfully  directed  by  terrestrial  magnetism  is  stannite,  or 
oxide  of  tin;  this  is  a  positive  crystal  of  one  axis,  whose 
optical  axis  is  perpendicular  to  its  greatest  dimension:  whence 
it  follows  that,  when  it  is  directed  by  the  terrestrial  globe,  one 
of  its  extremities  is  turned  toward  the  east,  and  the  other  to- 
ward the  west  This  same  crystal  presents  a  phenomenon  that 
others  have  not  been  able  to  offer  to  us ;  it  is  that,  when  it  is 
brought  near  to  a  delicately  suspended  magnetised  needle,  so 
that  its  axis  is  very  close  to  this  needle  and  is  parallel  to  it, 
it  draws  this  needle  with  it,  thus  surmounting  the  directive 
force  of  the  globe.  Mr.  Faraday,  by  taking  great  precautions, 
had  already  obtained  the  same  result  with  a  crystal  of  bis- 
muth, but  the  effect  was  much  less  decided. 

The  magne-crystalline  phenomena,  of  which  we  have  been 
speaking,  are  not  the  only  ones  that,  in  crystals,  are  con- 
nected with  the  direction  and  the  nature  of  their  axes.  Inde^ 
pendently  of  the  optical  phenomena,  which  were  the  first  to 
be  recognised  and  studied,  there  are  others  that  depend  also 
on  the  position  of  the  axes.  Thus  Savart,  when  making 
crystalline  plates  of  quartz  and  carbonate  of  lime  vibrate, 
succeeded  in  determining  a  relation  between  the  acoustic 
figures  that  are  produced  in  them,  and  the  particular  mode 
of  the  crystallisation  of  the  substance.     He  found  that  the 
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direction  of  the  optical  axis  is  constantly  connected  with 
that  of  the  principal  forms  of  the  acoustic  figures.  With 
regard  to  the  molecular  structure  of  crystals,  it  follows,  from 
the  same  experiments,  that  the  only  dilBTerence  there  appears 
to  be  between  carbonate  of  lime  and  quartz  is  that,  in  the 
former  of  these  crystals,  the  small  diagonal  of  the  rhomboid 
is  the  axis  of  least  elasticity  of  the  substance ;  while  it  is  that 
of  the  greatest  elasticity  in  the  latter^  This  important  differ- 
rence,  which  indicates  an  arrangement  of  particles  not  identi-*- 
cal  in  the  two  systems,  must  necessarily  exercise  an  influence 
over  the  phenomena  of  light,  peculiar  to  each ;  we  know,  in 
fact,  that  one  is  a  negative  crystal  of  double  refraction,  and 
the  other  a  positive  of  double  refraction. 

M.  Mitscherlich  had  remarked,  that  crystals  do  not  ex- 
pand imiformly  by  the  effect  of  heat ;  but  that  this  dilatation 
is  greater  in  one  direction  than  in  the  other ;  and  that  tliis 
difference  is  connected  with  their  crystalline  form.  M.  de 
Senarmont  has  lately  observed  a  no  less  remarkable  fact ;  — 
it  is,  that  conductibility  for  heat,  which  is  equal  in  all  direc- 
tions for  the  crystals  of  the  regular  system,  acquires  in  others 
a  maximum  or  a  minimum  value,  according  to  directions 
parallel  to  the  crystallographic  axes ;  so  that  the  isothermic 
surfaces,  which  are  spheres  in  the  former  case,  are,  in  the 
other,  ellipsoids  elongated  or  flattened  in  the  same  direction* 
These  observations  show  the  analogy  existing  between  calo- 
rific and  luminous  propagation,  which  are  both  equal  in  all 
directions  in  crystals  of  the  regular  system ;  and  which,  in 
others,  acquire  a  maximum  or  minimum  value,  according  to 
the  axis  of  the  form.  The  optical  axes  do  not  altogether 
coincide  with  the  principal  axes  of  conductibility  for  heat; 
but  this  coincidence  is  very  near  existing,  if  we  take  the  red 
luminous  rays,  whose  lengths  of  undulation  approach  the 
nearest  to  those  of  calorific  rays.  It  is  enough,  therefore, 
to  suppose  heat  comparable,  not  to  ordinary  luminous  radi- 
ations, but  to  radiations  enjoying  the  properties  of  the  ex- 
treme red,  —  a  supposition  confirmed  by  a  great  many  other 
facts,  including  the  phenomena  observed  by  M.  S<5nannont 
According  to  this  system,  the  thermic  ellipsoid  ought  to  be 
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flattened  in  attractive  crystals  and  elongated  in  repulsive 
ones ;  which,  up  to  the  present  time,  has  been  confirmed  bj 
the  results  of  experiments. 

Finally,  M.  Wiedmann,  by  employing  a  fine  point,  through 
which  he  made  electricity  arrive  upon  a  surface  that  he  had 
powdered  with  licopodium,  or  red-lead,  succeeded  in  deter- 
mining, by  means  of  the  form  assumed  by  this  light  powder, 
the  conductibility  of  crystals  in  different  directions.  On  a 
surface  of  glass  the  powder,  which  dispersed  itself  around  the 
points,  in  consequence  of  electric  repulsion,  forms  a  circular 
figure  traversed  by  radii,  similar  to  Lichtemberg's  figures. 
When  a  pallet  of  gypsum  is  put  in  place  of  the  glass,  the 
figure  is  found  to  become  elliptical,  and  the  great  axis  of  the 
ellipse  forms  a  right  angle  with  the  principal  crystallographic 
axis ;  which  proves  that  the  electricity  distributes  itself  more 
easily  in  a  direction  perpendicular  to  the  axis  than  in  any 
other.  In  quartz,  the  foim  is,  in  like  manner,  elongated  in 
a  direction  perpendicular  to  the  axis.  In  tourmaline,  and  in 
carbonate  of  lime,  for  example,  the  elongation  of  the  form 
occurs  in  a  direction  parallel  to  the  principal  axis.  M.  Wied- 
mann draws  firom  these  different  observations  the  conclusion, 
that  crystals  which  possess  a  better  conductibility  in  the  di- 
rection of  the  principal  axis,  all  belong  to  the  class  of  negative 
crystals ;  whilst  those  which  have  a  better  conductibility  in  the 
direction  perpendicular  to  tlie  axis  are  positive ;  which  indi- 
cates that  the  direction  of  best  conductibility  for  electricity  is 
also  that  according  to  which  light  is  propagated  relatively  with 
greater  velocity. 

The  rapid  glance  we  have  cast  upon  the  principal  physical 
properties  of  crystals,  shows  us  the  important  part  played  by 
their  optic  axes.  These  are  the  same  axes  that  we  find  in 
magne-crystalline  phenomena ;  but  the  nature  of  the  influence 
exercised  by  them  over  this  order  of  phenomena  is  the  point 
upon  which  we  are  far  from  having  any  very  decided  ideas. 

M.  Plucker,  as  we  have  seen,  had  thought  he  was  able, 
from  his  experiments,  to  arrive  at  the  simple  law  that,  in 
negative  crystals,  the  optic  axis  is  repelled  by  the  magnetic 
poles,  and  that  in  positive  crystals  it  is  attracted ;  that,  con- 
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sequently,  it  places  itself  equatorially  in  the  former  case,  and 
axiallj  in  the  latter.  With  regard  to  crystals  of  two  axes, 
it  is  the  mean  line  which  divides  into  tw^o  equal  parts  the 
acute  angle  formed  by  these  axes,  that  is  repelled  or  attracted 
according  as  the  crystals  are  themselves  negative  or  positive. 
Cyanite,  a  negative  crystal  of  two  axes,  presents  this  property 
in  a  very  marked  manner. 

These  laws  being  established,  M.  Plueker,  setting  out  from 
Fresnel's  theory,  according  to  which  the  optical  phenomena 
of  crystals  of  one  or  of  two  axes  depend  on  the  particular 
distribution  assumed  by  the  medium  in  which  light  is  pro- 
pagated, and  which  philosophers  call  eiher^  thought  he  was 
able  to  connect  the  attraction  and  the  repulsion  exercised 
respectively  by  a  magnet  on  the  axes  of  positive  and  negative 
crystals,  with  this  fact, — that,  in  tlie  former,  the  axis  is  the 
place  of  least  elasticity,  and,  in  the  latter,  that  of  the  greatest 
elasticity  of  the  ether.  But  some  anomalies,  presented  espe- 
cially by  crystals  of  sulphate  of  iron,  have  compelled  him  to 
renounce  this  idea. 

Mr.  Faraday  was  struck,  as  M.  Plueker  had  also  been, 
with  what  is  so  extraordinary  in  a  force  which,  emanating 
from  the  poles  of  the  magnet,  directs  from  afar  a  prism  of 
tourmaline,  for  example,  so  that  the  extremities  of  the  crystal 
recede  from  the  same  poles  which  attract  its  total  mass.     He 
had  consequently  admitted  that  this  force  is  neither  attractive 
nor  repulsive,  but  a  simple  directive  force  due  to  a  species  of 
radiation,  which,  emanating  from  the  magnetic  poles,  traverses 
the  interposed  crystal,  and  compels   it,  according  as  it  is 
either  positive  or  negative,  to  place  itself  so  that  its  axis  is 
.     parallel  or  perpendicular  to  the  line  according  to  which  this 
radiation  operates.     This  manner  of  regarding  the  action  had 
been  suggested  to  Faraday  by  the  phenomena  presented  by 
polarised  light  when  it  is  traversing  transparent  bodies  sub- 
mitted to  magnetic  influence,  phenomena  upon  which  we  shall 
be  engaged  in   the   sequel.      A  circumstance  that,  in  his 
opinion,  shows  the  difference  existing  between  the  two  species 
of  force,  is  the  different  law  they  obey,  according  to  distance ; 
that  which  acts  upon  the  whole  mass,  and  which  is  attractive 
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or  repulsive^  diminisliing  more  rapidly  than  that  which  acts 
upon  the  optic  axis  alone^  and  which  is  only  directive.  Ob- 
servations made  upon  several  crystals,  and  especially  upon 
that  of  sulphate  of  iron,  would  become  inexplicable  without 
this  mode  of  regarding  the  phenomena. 

It  is  impossible,  however,  not  to  perceive,  that  Faraday's 
theory  does  not  justify,  any  more  than  Plucker's  does,  die 
extraordinary  circumstance  of  seeing  the  same  crystal  sus- 
ceptible of  presenting  perfectly  contrary  phenomena,  according 
as  it  is  regarded  in  its  mass  or  in  its  optical  axis.  These  two 
philosophers  are  equally  compelled  to  admit,  that  the  axis,  in 
its  quality  of  axis,  and  independently  of  the  very  nature  of 
the  substance  of  the  crystal,  enjoys  peculiar  properties  more 
frequently  in  apposition  to  those  possessed  by  the  substance 
itself,  or  which  at  least  are  altogether  independent  of  them. 
They  are  therefore  constrained,  contrary  to  the  opinion  of 
one  of  them,  M.  Plucker,  to  admit  that  magnetic  action  may 
be  exercised  independently  of  ponderable  matter;  which  is 
the  case  when  the  axis  is  subjected  to  the  action. 

But  from  the  new  experiments  made  by  MM.  Tyndall  and 
Knoblauch,  subsequently  to  those  of  Plucker  and  Faraday,  it 
follows  that  it  is  not  necessary  to  admit,  as  these  two  philo- 
sophers had  thought,  two  different  species  of  action  or  force. 
MM.  Tyndall  and  Knoblauch  succeeded,  by  a  very  detailed 
study  of  the  subject,  in  recognising  that  the  magnetic  pro- 
perties of  the  optical  axis  are  connected  with  a  general 
principle,  namely,  that  when  the  molecular  constitution  of 
any  body  is  such  that  the  particles  of  which  it  is  formed  are 
nearer  to  each  other,  according  to  a  certain  direction,  than  in 
the  rest  of  the  mass,  this  direction,  all  other  circumstances 
remaining  the  same,  is  that  in  which  the  forces  which  are 
acting  upon  the  body  manifest  their  action  with  the  greatest 
energy ;  so  that  the  line  which  represents  this  direction  places 
itself  axially  or  equatorially,  according  as  the  substance  is 
magnetic  or  diamagnetic  If  this  predominant  influence  of 
the  action  exercised  upon  such  of  the  particles  as  are  situated 
in  the  direction  in  question  is' not  always  manifested,  it  is  due 
:to  circumstances  whose  effect  admits  of  easy  explanation. 
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Thixs,  when  the  two  electro-iaagnetic  poles  terminate  in  cones 
iwliose  summits  are  very  near  to  a  crystal  suspended  between 
them^  the  local  action  of  these  poles  upon  the  faces  of  the 
crystal  that  are  very  near  to  them  exceeds  that  which  is 
exercised  upon  the  more  distant  axis;  because  this  latter, 
although  the  more  powerful,  is  exercised  at  a  distance  pro- 
•  portionately  much  greater :  but,  if  the  polar  points  are  sepa- 
rated, the  influence  of  the  relative  distance  of  the  faces  and 
of  the  axis  of  the  crystal  in  respect  to  these  points  becomes 
much  less,  and  almost  null ;  and  then  it  is  the  action  exercised 
upon  the  axis  that  becomes  the  more  powerful     Tourmaline, 
as  we  have  seen,  furnishes  us  with  a  remarkable  example  of 
this  effect     If,  instead   of  being  terminated  by  points,  the 
poles  of  the  electro-magnet  present  surfaces  a  little  extended, 
between  which  the  crystal  is  suspended,  the   latter,   being 
entirely  plunged  in  the  field  of  magnetic  forces,  directs  itself 
according  to  the  action  exercised  upon  its  axis,  even  when  it 
is  very  near  the  polar  surfaces.     In  this  mode  of  explaining 
these  phenomena,  the  action  of  the  magnet  is  always  exercised 
upon  the  particles ;  and  it  is  according  to  their  magnetic  and 
attractive,  or  their  diamagnetic  and  repulsive  nature.     The 
only  difference  that  exists  in  this  respect  between  crystals 
and  other  bodies  is,  that  by  the  fact  of  their  non-homogeneous 
structure,  crystals  present  certain  directions,  according   to 
which  the  action,  whether  magnetic  or  diamagnetic,  is  more 
energetic  than  it  is  for  other  directions,  on  account  of  the 
greater  approximation  of  the  particles  that  occurs  in  these 
same  directions ;  a  phenomenon  altogether  analogous  to  that 
of  dilatation   for  heat,   which,  in   a   crystal   of  calcareous 
spar,  for  example,  operates  more  powerfully,  according  to 
Mitscherlich,  in  the  direction  of  the  optical  axis,  because  the 
particles,  being  more  closely  packed  along  this  direction  than 
along  the  others,  repel  each  other  with  more  energy  for  the 
same  elevation  of  temperature. 

The  theory  that  we  have  been  explaining  is  based  upon 
very  numerous  facts,  observed  and  analysed  with  great  care 
by  MM.  Tyndall  and  Knoblauch.  We  shall  content  our- 
selves with  describing   some   of  them,   selecting  the  most 
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salient: — First,  in  order  to  show  the  influence  of  structure 
ujx>n  the  direction  assumed  between  the  poles  of  the  electro- 
magnet bj  any  substance,  we  have  merely  to  cut  some  pieces 
of  gutta  percha  which  has  been  rendered  fibrous  in  manu- 
facture, so  that  the  fibres  are  in  the  direction  of  ,the  greatest 
length,  or  in  a  direction  perpendicular  to  this  greatest  length, 
to  see  them  direct  themselves  axially  or  equatorially.  Ivory, 
whose  toothy  structure  renders  it  naturally  fibrous,  may  also, 
according  to  the  manner  in  which  it  is  cut,  direct  itself 
axially,  although  diamagnetic.  We  may  thus  imitate,  with 
gutta  percha  and  with  ivory,  almost  all  the  experiments  that 
are  made  with  the  negative  and  positive  crystals. 

This  influence  of  structure  becomes  evident  in  magnc- 
crystalline  phenomena  themselves,  when,  instead  of  confining 
ourselves  to  certain  kinds,  our  observations  are  extended  over 
a  very  large  number  of  crystals,  care  being  at  the  same  time 
taken  to  wash  them  and  to  remove  from  their  surface  the 
slightest  traces  of  impurity,  the  presence  of  which  is  sufficient 
to  give  rise  to  grave  errors.  We  find,  for  instance,  that  a 
crystal  of  calcareous  spar  and  a  crystal  of  carbonate  of  iron, 
which  have  necessarily  the  same  crystalline  form,  take  a 
direction,  the  former  being  diamagnetic,  so  that  its  optical 
axis  is  situated  equatorially,  the  latter  magnetic,  so  that  its 
axis  is  situated  axially.  It  is  even  sufficient,  in  the  crystal 
of  calcareous  spar,  that  a  part  of  the  lime  be  replaced  by 
an  oxide  of  iron,  as  in  dolomite,  without  the  crystalline 
form  being  changed,  for  the  optical  axis  to  become  directed 
axially,  from  having  formerly  been  equatorially.  Sulphate 
of  magnesia  and  sulphate  of  zinc  have  exactly  the  same 
crystalline  form,  and  they  are  both  diamagnetic :  they  place 
themselves  so  that  their  axis  is  directed  equatorially,  whilst  a 
crystal  of  sulphate  of  nickel,  wliich  has  the  same  form  as  the 
two  others,  has  its  axis  directed  axially,  even  when  it  is  much 
more  contracted  in  the  direction  of  the  axis  than  in  all  other 
directions.  It  follows,  therefore,  from  this,  that  it  is  not  the 
crystalline  form,  but  rather  the  chemical  nature  of  the  crystal 
which  is  the  influencing  cause.  A  very  great  number  of 
other  crystals   form   an  equal  exception  to  Plucker's  law : 
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thus,  in  sugar,  which  is  a  negative  crystal,  the  plane  of  the 
axis  is  directed  axially ;  topaz,  which  is  a  negative  crystal, 
places  itself  axially  and  not  equatorially,  if  care  be  taken  to 
free  it  from  all  the  impurities  with  which  its  surface  is  gene- 
rally covered,  by  boiling  it  in  muriatic  acid,  and  then  rubbinjg 
its  surface  with  very  fine  white  sand.  In  fine,  among  the 
positive  crystals  of  two  axes,  that  do  not  obey  Plucker's  law, 
we  may  mention  heavy  spar,  coelestine,  and  ferro-cyanuret 
of  potassium ;  among  negative  crystals  of  one  axis,  carbonate 
of  lime  and  of  iron,  and  a  great  number  of  others ;  among 
negative  crystals  of  two  axes,  dichroite,  sugar,  sulphate  of 
zinc,  and  sulphate  of  magnesia.  There  are,  on  the  other 
hand,  a  certain  number  of  crystals,  such  as  calcareous  spar, 
tourmaline,  beryl,  arragonite,  which  enter  into  the  law ;  these 
are  precisely  those  upon  which  M.  Plucker's  observations  had 
been  principally  made  * :  but  the  number  of  exceptions  is  too 
considerable  for  the  law  to  be  maintained;  whilst  all  the 
facts  are  in  accordance  with  the  principle  which  makes  them 
depend  upon  the  non-uniformity  of  the  molecular  constitution. 
It  is  easy  to  show  how  merely  a  certain  direction  of  the 
axis,  according  to  which  the  particles  are  more  closely  con- 
gregated, is  required  in  order  to  determine  the  position  of  the 
whole  mass.  A  small  circular  cake  or  disc,  made  of  a 
mixture  of  flour  and  iron  filings,  places  itself  naturally  in  an 
axial  direction  between  the  poles  of  the  magnet.  If  we 
transpierce  it  by  a  small  fragment  of  iron  wire  passing 
through  its  centre,  the  disc  places  itself  equatorially,  although 
magnetic,  by  virtue  of  the  tendency  possessed  by  the  iron  wire 
of  placing  itself  axially ;  but  the  repulsion  is  only  apparent : 
if  we  replace  the  iron  filings  by  bismuth  powder,  and  the  iron 
wire  by  a  fragment  of  bismuth,  the  reverse  phenomena  occur ; 
the  disc,  although  diamagnetic,  places  itself  axially,  by  the 
effect  of  the  tendency  of  the  fragment  of  bismuth  to  place 
itself  equatorially,  and  the  attraction  in  this  case,  too,  is  only 
apparent     We  may  even  imitate  artificially  the  natural  ar- 

*  M.  Flucker,  in  a  recent  and  more  complete  work  made  with  M.  Beer,  has 
himself  recognised  a  great  number  of  exceptions  to  the  law,  which  he  had  at  first 
thought  to  be  general. 
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rangement  of  particles  that  is  assumed  in  this  mode  of  ex- 
plaining the  phenomena.  Fine  hismuth  powder,  mixed  with 
gum  water,  may  be  made  to  form  a  cylinder,  which,  when 
suspended  between  the  magnetic  poles,  directs  itself  equato- 
rially ;  but,  if  this  kind  of  paste  be  pressed  very  strongly 
between  two  sheets  of  pasteboard,  a  thin  plate  is  made  of  it, 
which  directs  itself  axially  with  much  force,  although  its 
length  may  be  ten  times  its  thickness.  Under  similar  con- 
ditions, a  paste  of  carbonate  of  iron  and  gum  water  conducts 
itself  precisely  in  an  inverse  manner.  The  cause  of  this 
double  phenomenon  is  evident ;  the  line,  according  to  which 
the  contact  of  particles  is  more  intimate,  is  in  each  of  the 
two  cases  perpendicular  to  the  surface  of  the  plates,  in  conse- 
quence of  the  pressure  which  the  particles  have  undergone  in 
this  direction.  And  this  perpendicular  line  takes  an  equato- 
rial or  an  axial  position,  according  as  the  substance  of  the 
plate  is  diamagnetic  or  magnetic.  What  is  here  obtained 
artificially  must  occur  naturally  in  such  cases  as  those  pre- 
sented by  crystals,  whose  mass  is  not  perfectly  homogeneous, 
and  in  which,  consequently,  there  exists  a  certain  direction  in 
which  the  action  of  the  forces  is  exercised  in  a  more  favour-* 
able  manner  than  in  others.  This  direction  may  be  called  the 
line  of  elective  polarity ;  it  is  axial  in  magnetic  bodies,  equato- 
rial in  diamagnetic. 

It  is  not  so  much  the  direction  of  the  axis,  as  it  is  that  of 
the  planes  of  cleavage,  which  influences  the  position  assumed 
by  a  crystal  between  the  poles  of  the  electro-magnet,  a  position 
which  must  be  such  that  the  planes  of  cleavage  take  the  equa- 
torial direction  in  diamagnetic  crystals,  and  the  axial  direction 
in  magnetic.  In  the  examples  that  we  have  already  quoted, 
the  influence  of  the  planes  of  cleavage  is  confounded  with  that 
of  the  axes,  seeing  that  the  position  of  these  planes  is  in  each  of 
the  crystals  the  same  in  respect  to  the  axis.  But  there  are 
other  cases  in  which,  this  iK)sition  being  no  longer  the  same, 
we  may  prove  that  it  is  the  direction  of  the  plane  that  is  the 
influential  cause.  Two  cubes  of  the  same  dimensions,  the 
one  of  beryl,  the  other  cut  in  a  prism  of  scapolite,  both  mag- 
netic crystals,  direct  themselves,  the  former  so  that  its  axis 
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is  situated  equatorially^  the  latter  so  that  it  is  situated 
axially.  This  comes  from  the  planes  of  cleavage  being  per- 
pendicular to  the  axis  in  beryl,  whilst  they  are  parallel  in 
scapolite ;  we  see  that,  equally  in  both  eases,  the  planes  of 
cleavage  are  directed  axially,  as  with  sulphate  of  nickel*  On 
the  other  hand,  two  cubes,  one  of  saltpetre,  the  other  of  topaz, 
crystals  that  are  both  diamagnetic,  place  themselves,  the 
former  with  its  axis  directed  equatorially,  the  latter  with  its 
axis  directed  axially,  which  is  due  to  the  planes  of  cleavage 
being  parallel  to  the  axis  in  saltpetre,  and  perpendicular  to 
the  axis  in  topaz ;  but  it  hence  follows  that  equally  in  both 
cases,  the  planes  of  cleavage  are  directed  equatorially,  as 
with  sulphate  of  zinc  and  sulphate  of  magnesia* 

We  may  very  well  explain  this  influence  of  the  planes  of 
cleavage,  by  bearing  in  mind  that  crystals  may  be  considered 
as  formed  of  vfery  thin  molecular  plates,  juxtaposed  and  ad- 
hering by  the  effect  of  cohesion ;  without,  however,  their  being 
in  absolute  contact  with  each  other.  The  empty  spaces  tliat 
are  assumed,  in  the  corpuscular  theory,  to  separate  the  par- 
ticles from  each  other,  are  found  in  crystals  to  separate  the 
parallel  plates  whose  union  constitutes  the  crystal.  Hence 
nothing  is  more  natural  than  that  these  plates  should  take 
an  axial  direction  if  they  are  magnetic,  and  an  equatorial  if 
diamagnetic.  It  is  even  easy  to  prove  directly  that  such 
must  be  the  case,  by  imitating  artificially  this  structure  of 
crystals. 

We  make  use  of  sand-paper,  in  which  the  sand  or  emery 
on  the  surface  is  magnetic,  while  the  paper  itself  is  compara- 
tively indifferent.  By  cutting  a  number  of  strips  of  this  paper 
an  inch  long  and  a  quarter  of  an  inch  wide,  and  gumming 
them  together,  so  as  to  form  a  parallelepiped,  we  have  a 
model  of  magnetic  crystals,  which  cleave  parallel  to  their 
axis,  the  layer  of  sand  representing  the  magnetic  crystalline 
plate,  and  the  paper  the  intermediate  space  between  two 
plates.  For  such  a  model,  one  position  only  is  possible 
between  the  poles,  the  axial.  If,  however,  the  parallelopiped 
be  built  up  of  squares,  equal  in  area  to  the  cross  section  of  the 
model  just  described,  by  laying  square   upon  square  until 
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the  pile  reaches  the  height  of  an  inch,  we  have  a  model  of 
those  magnetic  crystals  which  cleave  perpendicular  to  their 
axis.  Such  a  model,  although  its  length  is  four  times  its 
thickness,  and  the  whole  strongly  magnetic,  will  on  closing 
the  circuit  recede  from  the  poles  as  if  repelled,  and  take  up 
the  equatorial  position  with  great  energy.  The  deportment 
of  the  first  model  is  that  of  scapolite ;  of  the  second,  that  of 
beryl.  By  using  a  thin  layer  of  bismuth  paste,  instead  of  the 
magnetic  sand,  the  deportment  of  saltpetre  and  topaz  will  be 
accurately  imitated.  M.  Rieu,  by  employing  pieces  of  thin 
card  strongly  compressed  against  each  other,  by  means  of  silk 
ribbons,  had  long  ago  observed  that  two  parallelepipeds  con- 
structed one  like  the  former  model  and  the  other  like  the 
latter,  were  directed  by  terrestrial  magnetism,  the  former 
axially,  that  is,  so  that  all  its  planes  were  parallel  to  the 
magnetic  meridian ;  the  latter  equatorially,  that  is,  so  that 
the  planes  were  perpendicular  to  the  magnetic  meridian. 
This  directive  property  of  clusters  of  pieces  of  card  is  evi- 
dently due  to  the  card  itself  being  slightly  magnetic,  as  may 
be  proved  by  the  action  exercised  upon  it  by  the  electro- 
magnet It  is,  nevertheless,  very  remarkable ;  and  I  should 
add  that  the  author  of  this  experiment  was  led  to  it  by 
views  of  a  very  different  order,  and  which  I  shall  have  oc- 
casion to  describe  when  I  am  treating  upon  ten'estrial  mag- 
netism. 

When  the  crystals  present  several  planes  of  cleavage,  we 
must  substitute  for  the  notion  of  thin  plates  that  of  small 
prisms,  and  even  small  cubes,  if  there  are  three  perpendicular 
planes.  In  the  latter  case,  which  is  that  presented,  among 
others,  by  rock-salt,  the  directive  force  is  null ;  the  cleavages 
neutralise  each  other.  Quartz,  like  common  glass,  possesses 
a  directive  power  that  is  scarcely  sensible,  wliich  is  due  to 
there  existing  in  the  one,  as  well  as  in  the  other,  mere  traces 
of  cleavage.  If,  instead  of  presenting  planes  of  cleavage,  a 
crystal  has  a  fibrous  structure,  the  force  acts  in  the  direction 
of  the  fibres.  In  a  word,  everything  that  affects  the  molecu- 
lar structure,  must  affect,  in  a  correspondinff  manner,  the  line 
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power  also  disappears^  as  occurs,  according  to  Faraday's 
observations,  when  the  temperature  of  crystals  of  bismuth 
and  antimony  is  raised  to  the  point  of  fusion. 

Thus  have  we  considered  the  special  properties  presented 
by  crystals,  in  regard  to  the  action  exercised  upon  them  by 
magnets,  not  as  an  exception  to  the  general  laws  of  mag- 
netism and  diamagnetism,  but  as  a  consequence  of  a  par- 
ticular mode  of  grouping  of  their  particles,  which  is  also  the 
cause  of  the  unequal  dilatability,  and  of  the  unequal  conduc- 
tibility  for  heat  and  for  electricity,  according  to  different 
directions  presented  by  crystalline  substances. 


Action  of  transparent  Bodies,  subjected  to  magnetic  Influence, 
upon  polarised  Light. 

We  here  arrive  at  the  important  discovery,  by  which 
Faraday  prefaced  his  researches  upon  diamagnetism,  which, 
however,  are  so  independent  that  we  have  been  able  to 
explain  them  first,  as,  indeed,  the  logical  connection  of  the 
facts  required  of  us. 

It  is  well  known  that  a  ray  of  light  may  be  polarised  in 
various  ways, — either  by  reflection  under  a  certain  angle, 
which  varies  according  to  the  nature  of  the  reflecting  surface, 
— or  by  its  passage  through  a  series  of  transparent  plates, 
or  also  by  being  transmitted  through  a  crystal,  endowed  with 
double  refraction.  In  this  latter  case  there  are  two  polarised 
rays  instead  of  one ;  the  ray  that  has  experienced  ordinary 
refraction  is  polarised  as  it  would  have  been  by  a  reflecting 
surface  of  glass,  whose  plane  of  incidence  should  be  parallel 
to  the  principal  section  of  the  crystal ;  and  the  ray  that  has 
undergone  extraordinary  refraction,  as  it  would  have  been 
by  this  same  reflecting  surface  with  a  plane  of  incidence 
perpendicular  to  the  principal  section  of  the  crystal.  In  the 
experiments  of  which  we  have  been  speaking,  this  latter  mode 
'of  polarising  the  light  was  employed  for  convenience'  sake ; 
but,  instead  of  using  any  crystal  of  calcareous  spar,  a  rhom- 
boid was  selected,  '44  in.  in  length,  and  '393  in.  in  width, 
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and  about  the  same  in  thickness^  which  is  cut  into  two 
pieces  by  a  plane  passing  through  the  parallel  diagonals  of 
two  of  the  long  faces ;  and  which  two  fragments  are  then 
united  by  Canada  balsam  into  the  position  they  had  pre- 
viously occupied.  The  ray  is  made  to  pass  through  this 
rhomboid,  thus  prepared,  in  the  direction  of  its  length,  and 
instead  of  having  two  emergent  rays  we  obtain  but  one, — 
that  which  undergoes  extraordinary  refraction ;  the  other, 
the  ordinary  one,  on  encoimtering  the  layer  of  Canada 
balsam,  is,  by  the  effect  of  the  great  refracting  power  of 
this  substance,  reflected  interiorly,  and,  consequently,  is  not 
able  to  pass  out  of  the  rhomboid :  this  difference  between  the 
coming  out  of  the  two  radii  results  from  the  ordinary  ray 
having  in  calcareous  spar  an  index  of  refraction  greater  than 
the  extraordinary  ray,  and  hence  undergoing  total  refraction 
more  easily.  A  Nichol's  prism,  —  (the  rhomboid  of  calca- 
reous spar  arranged  as  we  have  been  describing,  thus  called 
from  the  name  of  its  inventor,)  —  presents  a  very  convenient 
means  of  obtaining  a  ray  of  polarised  light  When  the  ray, 
that  passes  out  of  it,  is  received  upon  a  second  similar  prism, 
so  that  it  traverses  it  also  in  the  direction  of  its  length,  we 
observe,  conformably  with  the  laws  of  polarisation,  the  fol- 
lowing phenomena :  If  the  planes  of  the  principal  sections 
of  the  two  prisms  are  parallel,  the  ray  comes  out  of  the 
second  prism  with  all  its  primitive  intensity ;  if  the  two 
planes  are  perpendicular,  the  ray  is  completely  extinguished. 
We  may  obtain  the  same  result  by  employing,  instead  of  the 
Nichol's  prisms,  two  tourmalines  cut,  the  one  parallel,  the 
other  perpendicular  to  the  optical  axis,  for  they  then  possess 
the  singular  property  of  absorbing,  one  the  ordinary,  the 
other  the  extraordinary  ray ;  so  that  each  of  them  allows  one 
ray  only  instead  of  two  to  pass  out,  although  endowed  with 
double  refraction:  so  that  when  they  are  combined  in  such 
a  manner  that  the  principal  planes  of  their  section  are  pa- 
rallel, the  ray  that  has  traversed  the  former  is  extinguished 
in  its  passage  through  the  latter ;  but  if  the  two  planes  are 
perpendicular  there  is  transmission  of  light.  The  combi- 
nation of  two  tourmalines,  as  well  as  that  of  two  Nichol's 
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prisms^  presents,  therefore,  the  phenomenon  of  total  darkness, 
produced  by  the  superposition,  according  to  a  certain  mode, 
of  two  transparent  bodies.     But  for  observations  of  this  kind 
-we  generally  prefer  the  employment  of  two  Nichol's  prisms 
to  that  of  two  tourmalines  on  account  of  their  greater  trans- 
parency, for  the  tourmalines   are   always  more  or  less  co- 
loured, and  consequently  less   translucent  than  crystals  of 
calcareous  spar.     The  name  of  analyser  is  given  to  the  prism 
or   crystal  of  any  kind,  upon  which  the  polarised  light  is 
received,  and  which  serves  to  determine,  in  fact,  whether  this 
light  is  polarised,  in  what  proportion  it  is  polarised,  if  it  is 
not  totally  so,  and  what,  finally,  is  the  direction  of  its  plane 
of  polarisation.     The  name  of  polariser  is  given  to  the  prism 
or  crystal  by  which  the  light  in  the  course  of  its  transmission 
has  been  polarised. 

I  will  now  suppose  that  we   have   two   NichoPs  prisms 
placed  at  a  certain  distance  from  each  other  on  the  same 
horizontal  line,  and  that  we  are  looking  through  these  prisms 
at  the  light  of  the  clouds,  or,  which  is  better  still,  at  that  of  a 
lainp :  from  what  we  have  just  seen,  by  turning  the  prism 
against  which  the  eye  is  applied,  namely  the  analysing  prism, 
we  may  give  it  such  a  position  that  the  light  is  completely 
extinguished.     If  we  place  between  the  two  Nichol's  prisms 
a  piece  of  glass  1^  or  2  in.  long  and  f  in.  wide  and  thick,  so 
arranged  that  the  polarised  ray  traverses  it  in  its  length,  no 
change  occurs  in  the  result  of  the  experiment ;  but  if  this 
interposed  glass  prism  is  situated  on  the  axial  line  that  joins 
the  two  poles  of  an  electro-magnet,  and  so  that  these  poles 
are  very  near  to  its  extremities,  still,  however,  allowing  the 
ray  of  light  to  pass  above  them,  the  phenomenon  is  then 
entirely  modified.     I   will   suppose   the  Nichol's   prisms   so 
arranged  that  the  polarised  ray  is  extinguished :  now  by  the 
mere  fact  that  the  electro-magnet  is  magnetised,  the  light  re- 
appears, it  disappears  again  at  the  moment  when  the  electric 
current  ceases  to  circulate  around  the  electro-magnet.    When 
the  ray  appears  again  under  the  magnetic  influence,  in  order 
to  make  it  disappear  again  we  have,  merely  to  turn  one  of  the 
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prisms,  for  instance,  the  analyser,  through  a  certain  angle,  to 
the  left  or  right,  according  as  the  north  or  south  pole  of  the 
electro-magnet  is  on  oife  side  or  the  other.  But  if  in  this 
new  position  of  the  Nichol's  prism,  we  put  an  end  to  the 
magnetic  state  of  the  electro-magnet,  without,  however,  making 
any  change  in  the  arrangement  of  the  other  portions  of  the 
apparatus,  the  ray  shows  itself  again. 

This  experiment  makes  manifest  this  important  fact, — 
that  the  passage  of  a  polarised  ray  through  a  glass  prism 
interposed  between  contrary  magnetic  poles,  changes  its  plane 
of  polarisation  and  makes  this  plane  turn  to  a  certain  angle, 
which  is  determined  by  measuring  the  angle  through  which 
the  analysing  prism  must  be  turned  in  order  again  to  ex- 
tinguish the  ray,  that  is,  in  order  to  bring  back  anew  the 
two  planes  of  polarisation  to  being  perpendicular  to  each 
other.  In  order  to  measure  this  angle,  the  analysing  prism  is 
fixed  in  a  piece  of  metal  placed  in  the  centre  of  a  divided 
circle,  and  movable  on  its  axis.  An  index  affixed  to  the 
piece,  and  the  points  of  which  can  traverse  successively  all  the 
degrees  of  the  division,  serves  to  measure  the  number  of 
degrees  through  which  the  prism  has  been  turned. 

The  substance  in  which  Faraday  recognised  for  the  first 
time  this  remarkable  property,  is  the  same  heavy  glass  (boro- 
silicate  of  lead)  that  he  also  recognised  to  be  highly  dia- 
magnetic.  We  shall  presently  see  that  the  larger  portion  of 
transparent  bodies  present  the  same  property;  however,  in 
different  and  lesser  degrees  than  the  heavy  glass.  But  we 
must  first  study  a  little  more  closely,  and  in  its  details,  the 
curious  phenomenon  that  we  have  been  describing. 

Before  Faraday's  discovery,  several  substances  were  known 
which,  without  the  aid  of  magnetic  force,  by  virtue  of  their 
proper  molecular  constitution,  possess  the  faculty,  when  they 
are  interposed  in  the  route  of  a  polarised  ray,  of  making  its 
plane  of  polarisation  turn  to  a  certain  angle.  Among  the 
number  of  these  substances,  one  alone  is  solid,  —  a  plate  of 
rock  crystal  cut  perpendicularly  to  its  optic  axis.  But  it  has 
been  remarked  that,  according  to  the  particular  crystal  from 
which  the  plates  are  taken,  they  make  the  plane  of  polarisation 
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turn  from  the  right  to  the  left,  or  from  the  left  to  the  right. 
This  circumstance  evidently  denotes  differences  of  structure 
between  various  specimens  of  rock  crystal ;  and,  in  fact,  these 
differences  had  already  been  pointed  out  by  Haiiy.  They 
are  due  to  the  crystals  of  quartz  having  trapezian  faces 
placed  on  the  angles  comprised  between  the  faces  of  the 
prism  and  the  faces  of  the  pyramid;  and  to  the  fact  that  those 
faces,  called  by  Haiiy  plagiedral,  are  always  on  one  side 
only ;  to  the  right  in  some  crystals,  and  to  the  left  in  others. 
Circular  polarisation  indicates  this  difference,  and  enables  us 
to  recognise  the  class  of  crystals  to  which  the  cut  plates  of 
quartz  belong ;  but  what  is  very  remarkable  is,  that  quartz  is 
one  example  more  to  be  added  to  those  presented  by  tour- 
maline and  boracite,  which,  as  we  shall  see,  possess  different 
electricities  at  their  two  extremities;  a  proof  that  dissym- 
metry in  crystals  is  always  accompanied  by  a  peculiar 
physical  property.  Moreover,  plates  derived  from  the  same 
crystal  of  quartz  make  the  plane  of  polarisation  turn  in  the 
same  direction,  and  in  a  quantity  proportional  to  their  thick- 
ness ;  and,  when  many  plates  are  superposed,  the  total  effect 
is  equal  to  the  sum  of  the  effects  produced  by  each,  or  to  the 
difference  of  the  sums  of  the  similar  effects,  if  all  the  plates 
do  not  act  in  the  same  direction.  Finally,  when  the  polarised 
rays  are  of  homogeneous  light,  and  not  of  white  light,  the 
deviation  of  the  plane  of  polarisation  is  greater,  as  the  po- 
larised light  is  of  a  more  refrangible  nature.  In  order  to 
give  an  idea  of  the  considerable  difference  existing  in  this 
respect  between  the  different  species  of  light,  we  will  quote 
an  experiment  of  Biot's,  who  found  with  a  plate  of  rock 
crystal  '039  in.  thick,  that  the  deviations  of  the  plane  of 
polarisation  are,  for  the  extreme  red  (the  least  refrangible) 
17**  29'  47";  for  the  limiting  ray  of  yellow  and  green  (mean 
refrangible)  25**  40'  3" ;  for  the  extreme  violet  ray  (the  most 
refrangible)  44'  4'  58''. 

It  follows,  from  this  last  property,  that  when  the  polarised 
light  is  white  light,  it  can  never  be  completely  extinguished, 
because  the  angle,  through  which  the  analysing  prism  must 

K  R  3    . 


Digitized  by 


Google 


602  MAGNETISM   AND   ELECTRO-DYNAMICS.         part  ur. 

be  turned,  in  order  to  find  the  plane  of  polarisation  of  the  red 
ray,  for  example,  is  diflFerent  from  that  which  would  be  given 
by  the  plane  of  polarisation  of  another  ray.  Thus,  instead  of 
alternations  of  light  and  darkness,  we  obtain,  when  using 
white  light,  a  series  of  coloured  tints.  These  tints  are  com- 
posed of  the  mixture  of  all  the  rays  for  which  the  angle, 
through  which  the  apparatus  has  been  turned,  is  not  that 
through  which  their  plane  of  polarisation  has  been  deviated 
by  the  passage  of  the  light  through  the  crystalline  plane. 
Thus,  with  an  angle  of  about  18°,  which  is  that  of  the  de- 
viation of  the  planes  of  polarisation  in  the  case  of  a  plate  of 
rock  crystal  "039  in.  in  thickness  for  the  red  ray,  this  ray 
alone  is  extinguished ;  and  we  obtain  a  complementary  tint  to 
the  red,  arising  from  the  mixture  of  all  the  other  rays.  With 
an  angle  of  about  40**,  it  is  the  violet  ray  that  is  extinguished, 
and  we  obtain  a  complementary  tint  to  the  violet  When  the 
analysing  prism  that  is  employed  is  not  a  Nichol's  prism,  but 
a  simple  prism  of  calcareous  spar,  there  are  two  images 
instead  of  one;  and  these  two  images,  arising  from  rays 
whose  planes  of  polarisation  are  perpendicular  to  each  other, 
since  one  is  the  ordinary  and  the  other  the  extraordinary 
image,  are  found,  by  the  interposition  of  the  plate  of  rock 
crystal,  to  have  their  planes  of  polarisation  equally  deviated, 
but  always  in  rectangular  positions  relatively  to  each  other, 
so  that  their  tints  are  complementary.  Of  this  we  may  easily 
satisfy  ourselves  by  remarking  that,  whenever  the  two  images 
impinge  upon  each  other,  there  is  a  perfectly  white  spot 
M.  Biot  was  even  able  to  calculate  beforehand  the  tint  of 
each  image  by  thus  determining  the  rays  of  which  it  would 
be  composed ;  and  the  calculation  was  found  perfectly  in  ac- 
cordance with  experiment  Among  these  tints  there  is  one 
that  has  been  termed  tint  of  passage,  because  it  lasts  only  an 
instant,  when  a  succession  of  tints  are  obtained  by  rotating 
the  analysing  prism ;  and  he  has  adopted  it,  in  order  to  de- 
termine the  deviation  of  the  plane  of  polarisation  in  each 
special  case.  It  has  the  advantage  of  being  very  distinct, 
and  of  corresponding  to  only  one  well  defined  angle,  which 
is  not  the  case  with  the  other  tints,  for  they  are  more  vague. 
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It  IS  given  by  the  extraordinary  ray,  consequently  it  is  equally 
obtained  with  a  Nichol's  prism^  which  allows  only  one  ray  to 
pass  out  This  tint  is  a  bluish-violet,  which  immediately 
follows  the  intense  blue,  and  immediately  precedes  the  yel- 
lowish-red in  the  progress  of  the  rotation.  As  much  by  its 
special  nature,  as  by  its  decided  opposition  to  the  other  two, 
between  which  it  is  always  comprised,  it  is  impossible  not  to 
recognise  it  with  perfect  evidence  when  once  it  has  been 
sought  for.  By  multiplying  the  deviation  obtained  for  this 
tint  by  |g,  we  may  bring  it  back  to  that  one  of  the  red  rays, 
which  is  generally  the  tint,  to  which  the  various  rotatory 
powers  are  referred. 

This  last  observation  leads  us  to  add  that  M.  Biot  has 
recognised  that  although  quartz  is  the  only  solid  substance 
presenting  the  phenomena  of  circular  polarisation,  there  exist 
a  great  number  of  liquid  bodies  possessing  the  same  property: 
such,  amongst  others,  are  the  essential  oil  of  turpentine,  the 
essential  oil  of  citron,  concentrated  syrup  of  sugar,  tartaric 
acid,  dextrine,  —  a  substance  that  is  extracted  from  starch, 
and  which  has  received  its  name  from  the  very  property  upon 
which  we  are  engaged,  in  order  to  indicate  that  it  makes  the 
plane  of  polarisation  turn  from  left  to  right 

As  the  result  of  the  profound  study  he  made  on  the  rota- 
tory power  of  liquids,  namely,  on  the  power  they  possess  of 
making  the  planes  of  polarisation  of  luminous  rays  deviate 
proportionally  to  their  thickness,  M.  Biot  established  that  this 
effect  results  from  a  proper  action  exercised  individually  by 
the  molecular  groups  that  are  encountered  in  the  course  of 
the  transmitted  ray, —  an  action  equal  in  all  the  groups  if  the 
ray  is  homogeneous,  and  thus  producing  equal  successive 
deviations,  because  the  plane  of  polarisation  of  each  simple 
ray  shows  itself  equally  deviable,  after  having  been  deviated ; 
then  the  total  angular  deviation  experienced  by  this  plane 
through  a  measurable  thickness  of  active  liquid,  is  the  sum 
of  the  infinitely  small  deviations  produced  by  the  molecular 
groups,  that  the  ray  has  encountered  in  its  course.  By 
separating  this  sum  from  what  is  due  to  differences  of  refran- 
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gibility,  of  density,  and  of  length,  so  as  to  reduce  it  to  ele- 
ments always  comparable,  we  are  able  to  deduce  from  it  an 
angular  value,  proportional  to  the  infinitely  small  deviation, 
that  would  be  produced  by  a  single  constituent  molecular 
group  of  the  liquid,  acting  in  a  constant  physical  condition 
upon  the  same  ray ;  this  value,  thus  obtained,  is  what  M.  Biot 
termed  the  molecular  rotatory  power  of  bodies. 

The  molecular  rotatory  power  undergoes  no  change  what- 
ever by  the  influences  that  modify  the  mutual  distances  of 
the  molecular  groups,  without  sdtcring  their  constitution. 
Thus  solutions  in  water,  or  in  alcohol,  of  sugar,  gum,  or 
camphor,  have  each  a  molecular  rotatory  power,  which  re- 
mains the  same,  however  diluted  the  solution  may  be ; 
although  their  absolute  action,  if  the  thickness  of  the  stratum 
remains  the  same,  depends  on  their  degree  of  concentration. 
In  like  manner  also,  the  essential  oils  that  possess  this  power, 
those  even  that  exercise  it  in  contrary  directions,  may  be 
mixed  in  all  proportions  together,  or  with  others  that  do  not 
possess  it,  and  the  sum  of  the  proper  powers  of  the  active 
particles  always  gives  the  power  of  the  mixture.  But  when 
the  active  molecular  groups  undergo  a  change  of  constitution 
or  of  chemical  composition,  their  power  changes  notably. 
It  is  the  same  with  modifications  in  the  intimate  nature  of 
bodies,  which  chemical  analysis  has  not  the  power  of  dis- 
covering, and  which  are  made  manifest  by  the  change  of  mole- 
cular rotatory  power.  M.  Biot  succeeded  in  forming  out  of 
this  property  one  of  the  most  sensitive  of  chemical  tests ;  it  is 
unfortunate  that  it  can  be  applied  to  only  a  very  limited 
number  of  substances. 

Finally,  a  general  consideration  which  demonstrates  that 
the  action  thus  exercised  upon  light  is  molecular,  is  the  im- 
possibility there  is  for  a  ray  of  light  that  penetrates  per- 
pendicularly a  homogeneous  liquid,  or  gas,  to  be  able  to 
undergo  any  change  by  an  action  of  masses.  In  fact,  all  the 
actions  of  mass,  that  the  medium  is  able  to  exercise  upon 
the  ray,  produce  symmetrical  resultants  aroimd  the  normal  of 
incidence;  they  cannot,  therefore,  impress  upon  this  ray  a 
dissymmetry  around  this  normal.     It  is  this,  however,  that 
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ccurs    ^hen  the  mediam  makes  the  plane  of  polarisation 

Leviate  to  the  right  or  to  the  left  of  the  primitive  plane ;  but 

il^ways  in  a  fixed  direction  for  the  same  ray  and  for  the  same 

itate  of  material  particles^  whatever  be  the  relations  of  position 

>r  of  distance  that  are  established  between  them,  hy  agitating 

dhem  or  by  mixing  them  with  others  that  only  separate  them 

vsrithout  modifying  them  chemically,  and  without  themselves 

liaving  any  rotatory  power.     Such  an  effect  as  this  increasing 

iin  a  continuous  and  uniform  manner,  with   the   number  of 

molecular  groups  that  are  traversed  by  the  ray,  requires,  there- 

jfore  that  each  of  them  should  produce  its  proportional  part, 

,  although  infinitely  small  in  the  total  deviation,  that  is  observed 

,  through  a  finite  thickness,  and  that  it  should  always  produce 

it  the  same  in  all  positions,  under  which  it  may  be  presented 

to  the  ray.     Then  the  dissymmetry  thus  brought  about  is 

easily  conceived,  whilst  it  would  be  incomprehensible  as  the 

action  of  the  mass,  or,  to  express  ourselves  better,  it  would 

be  mechanically  impossible. 

Without  staying  longer  upon  the  phenomena  that  we  have 
been  describing,  we  shall  confine  ourselves  to  remarking  that 
the  rotatory  power  of  liquids  is  incomparably  more  feeble  than 
that  of  quartz ;  for  the  most  e£5cacious  of  these  liquids,  con- 
centrated syrup  of  sugar,  is  thirty  or  forty  times  less  so  than 
quartz.     Thus,  a  thickness  of  '039  in.  of  syrup  gives  but 
about  30'  of  rotation  to  the  extreme  red,  whilst  it  is  17®  30' 
with  quartz.     So,  in  order  to  compare  the  rotatory  power  of 
different  liquids,   they  are  placed  successively   in  tubes   of 
greater  or  less  strength,  carefully  closed  by  plugs  made  of 
very  white  and  very  smooth  glass,  and  we  thus  increase,  by 
the  thickness  of  the  bed  of  liquid,  that  the  polarised  ray  is 
called  upon  to  traverse,  the  total  effect  of  the  deviation  of  the 
plane  of  polarisation.     When  we  are  engaged  upon  elastic 
fluids,  for  example,  the  vapour  of  essence  of  turpentine,  in 
which  M.  Biot  recognised  the  existence  of  a  rotatory  power, 
it  is  necessary  to  employ  much  longer  tubes ;  because,  in 
general,  in  order  to  produce  the  same  effect,  the  length  of  the 
path  of  the  polarised  ray  in  a  liquid  and  in  vapour  ought  to 
be  in  mverse  ratio  to  their  respective  density. 
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Finally,  among  the  liquids  submitted  to  experiment,  we 
will  point  out  turpentine,  essence  of  laurel,  and  gum  arable,  as 
making  the  plane  of  polarisation  turn  from  right  to  left,  and 
essence  of  lemon,  syrup  of  sugar,  alcoholic  solution  of  camphor, 
tartaric  acid,  and  dextrine,  as  making  it  turn  from  left  to 
right 

Let  us  now  return  to  Faraday's  experiments.  We  had 
seen  that  magnetism  is  able,  by  its  influence,  to  impress  upon 
a  glass  prism  the  same  property  that  quartz  alone,  among 
solid  substances,  possesses  naturally,  namely,  tliat  of  making 
the  plane  of  polarisation  deviate.  All  transparent  substances^ 
with  the  exception,  perhaps,  of  certain  crystals  and  gases,  are 
susceptible  of  experiencing  this  influence,  but  the  rotatory 
power  that  the  action  of  the  magnet  is  able  to  develope  in 
them,  present  certain  special  characters,  which  it  is  important 
to  study  in  order  to  obtain  an  accurate  idea  of  this  class  of 
phenomena.  In  fact,  although  the  general  effect  is  the  same, 
there  are  very  notable  difierences  between  the  circular  po- 
larisation produced  by  magnetism,  and  that  which  is  naturally 
inherent  in  certain  bodies.  Thus,  for  example,  this  latter  is 
the  more  considerable  as  the  length  of  the  course  through  the 
substance  is  greater ;  it  is  much  the  same  with  the  former, 
but  with  one  condition,  that  we  must  not  be  compelled  to 
separate  the  polar  armatures  in  order  to  lodge  the  interposed 
substance;  for  then  we  should  weaken  the  magnetic  force, 
and  should  lose  on  the  one  hand  what  we  might  gain  on  the 
other.  We  shall  see  further  on  what  the  laws  are,  by  which 
this  diminution  and  augmentation  are  regulated,  and  what 
are  the  limits  of  length  for  the  transparent  substance,  and, 
consequently,  the  distance  for  the  poles  that  must  not  be  ex- 
ceeded, in  order  to  obtain  the  maximum  effect 

In  order  to  obtain  the  rotation  of  the  plane  of  polarisation, 
it  is  important  that  the  transparent  substance  (the  heavy  glass, 
for  example)  should  bo  placed  so  that  the  polarised  ray  tra- 
verses it  in  the  direction  of  the  line  that  joins  the  poles  of  the 
electro-magnet;  the  effect,  however,  may  occur  even  when 
only  one  pole  is  acting  upon  the  extremity  of  the  glass  prism, 
but  it  is  much  more  feeble.     It  also  occurs  if  an  ordinary 
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horse-shoe  magnet  is  substituted  for  the  electro-magnet  But 
in  all  these  cases  it  is  essential  that  the  glass  prism  be  so 
placed  that  the  forces  emanating  from  the  poles^  and  which  are 
characterised  in  their  direction  by  the  magnetic  curves,  should 
pass  through  the  glass  in  the  direction  parallel,  or  nearly  so,  to 
that  of  the  ray.  Thus  no  eflfect  is  observed  when  the  glass 
prism  is  situated  equatorially,  that  is  to  say,  perpendicularly, 
to  the  line  that  joins  the  poles  of  the  electro-magnet. 

The  direction  of  the  rotation  of  the  plane  of  polarisation, 
as  we  have  said,  is  connected  with  the  position  of  the  mag- 
netic poles  in  respect  to  the  direction  along  which  the  polarised 
ray  travels ;  and  this  direction  is  such,  that  if  the  north  pole 
of  the  electro-magnet  is  turned  on  the  side  of  the  observer 
who  is  receiving  the  ray,  and,  consequently,  the  south  pole 
on  the  side  whence  the  ray  comes,  the  rotation  occurs  for  the 
observer  ftx)m  left  to  right  If  the  place  of  the  poles  is  changed 
by  changing  the  direction  of  the  current  that  is  circulating 
around  the  electro-magnet,  the  rotation  occurs  from  right  to 
left.  We  may  reduce  to  a  very  simple  law  the  relation  that 
exists  between  the  direction  of  the  rotation  of  the  plane  of 
polarisation  and  that  of  the  magnetism,  by  which  the  rotation 
is  produced ;  for  this,  we  have  merely  to  suppose  a  piece  of 
soft  iron  put  in  place  of  the  transparent  substance,  and  to 
represent  the  direction  of  the  currents  that  in  Ampfere's  theory 
circulate  around  this  piece  of  iron  in  consequence  of  the 
magnetisation  it  imdergoes.  Now,  the  law  is  that  the  rotation 
occurs  in  the  same  direction  as  that  according  to  which  this 
current  travels.  A  more  direct  mode  of  making  this  law 
manifest,  is  to  put  in  place  of  the  electro-magnet  a  bobbin,  in 
the  axis  of  which  the  glass  prism  is  placed,  so  that  it  is 
enveloped  from  one  end  to  the  other  by  a  girdle  of  electric 
currents.  The  effect  of  these  currents  is  to  produce,  in  the 
same  manner  as  the  magnetic  poles,  the  rotation  of  the  plane 
of  polarisation ;  and  the  direction  of  this  rotation  is  such,  that 
we  may  say  that  when  an  electric  current  circulates  around  a 
transparent  substance  that  is  transmitting  a  ray  of  polarised 
light  in  a  direction  perpendicular  to  that  of  the  current,  it 
causes  the  plane  of  polarisation  of  this  ray  to  rotate  in  a 
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direction  similar  to  that  according  to  which  it  is  itself  tra- 
velling. 

When  we  employ  bobbins  or  helices  to  produce  the  rota- 
tion of  the  plane  of  polarisation^  we  notably  increase  the 
eflfcct  by  lengthening  them,  because  it  enables  us  to  give 
greater  length  to  the  substance  traversed  by  the  ray,  such^ 
for  example,  as  a  column  of  water ;  but  it  is  useless  to  give  it 
a  greater  length  than  that  of  the  helix  in  the  interior  of  which 
it  is  placed.  It  is  also  indiflFerent,  when  the  transparent  body 
has  a  less  diameter  than  that  of  the  helix,  to  place  it  in  the 
axis  or  out  of  the  axis,  provided  it  is  in  the  interior  of  tlie 
helix ;  for  out  of  the  helix  the  eflFect  is  null.  Finally,  when 
the  rotatory  power  is  produced  by  means  of  electric  currents, 
we  must  take  the  necessary  precautions  to  prevent  those 
currents,  which  are  generally  very  intense,  from  heating  the 
substance  that  is  placed  in  the  interior  of  tlie  helix. 

Determination  of   tlie    magnetic   rotatory  Power  of  different 
transparent  Substances. 

Faraday,  in  his  first  researches,  had  already  operated  upon 
a  large  number  of  substances,  both  solid  and  liquid ;  he  had 
not  been  able  to  discover  any  trace  of  rotatory  power  either 
in  air  or  in  other  gases,  although  he  submitted  them  to  the 
action  of  a  powerful  electro-magnet,  and  to  that  of  a  long 
helix,  traversed  by  an  energetic  current  With  regard  to 
liquids,  he  had  tried  a  very  great  number,  and  had  found 
them  all  capable  of  acquiring  in  different  degrees  the  rotatory 
power  imder  the  influence  of  magnetism ;  even  those  which, 
like  essence  of  turpentine,  already  possess  it  naturally :  and 
this  rotatory  power,  superinduced  by  magnetic  action,  is 
altogether  independent  of  that  which  the  substance  possesses 
of  itself;  so  that  if  the  two  rotations  occur  in  the  same  direc- 
tion they  are  added  to  each  other,  and  if  they  occur  in  con- 
trary difections,  the  more  feeble  is  subtracted  from  the  more 
powerful,  in  order  to  obtain  the  definitive  result. 

This  law  has  been  verified  upon  many  liquids,  such  as 
essences,  solutions  of  sugar,  tartaric  and  tartrate  acid,  which 
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nake  the  plane  of  polarisation  turn  from  the  left  to  the  right ; 
is  well  as  upon  others^  which  make  it  turn  from  the  right  to 
the  left.  With  regard  to  solids,  Faraday  constantly  found 
kbat  the  effect  is  at  its  maximum  in  boro-silicate  of  lead,  and 
subsequently  in  glasses  containing  lead ;  but  he  was  not  able 
to  succeed  in  producing  it  in  crystals  endowed  with  double 
refraction,  no  matter  in  what  way  they  were  cut.  Rock 
salt,  on  the  contrary,  acquired,  under  magnetic  influence,  a 
rotatory  power  almost  equal  to  that  of  flint,  but  which  was 
scarcely  the  third  of  that  of  the  heavy  glass. 

M.  Edmond  Becquerel,  in  order  to  increase  the  action  of 
the  electro-magnet  upon  substances  submitted  to  experiment, 
conceived  the  happy  idea  of  placing  upon  the  polar  surface 
armatures,  each  pierced  with  a  horizontal  cylindrical  opening 
at  the  very  spot  where  the  magnetic  pole  is  situate,  that  is  to 
say,  at  the  point  whence  the  magnetic  forces  seem  to  emanate. 
The  two  armatures  and  the  transparent  substances  are   so 
arranged,  that  the  polarised  ray  that  traverses  it  the  direction 
of  its  greatest*  length  may  pass  through  the  two  poles,  on  the 
outside  of  which  are  placed,  on  one  side,  the  polarising  prism, 
and  on  the  other,  the  analysing  prism.     By  means  of  this 
apparatus,  M.  Becquerel  successfully  repeated  Faraday's  ex- 
periments.    In  order  to  measure  the  rotation  of  the  plane  of 
polarisation,  he  made  use  of  the  tint  of  passage  pointed  out 
by  M.  Biot,  and  he  obtained,  with  heavy  glass,  a  deviation 
of  16^ 

He  recognised  that  among  liquids  the  chlorides,  especially 
that  of  zinc,  possess  a  considerable  rotatory  power.  A  stratum 
of  chloride  of  zinc,  only  0*39  in.  in  thickness,  made  the  plane 
of  polarisation  deviate  6**.  Finally,  he  was  able  to  obtain  a 
slight  rotation  by  submitting  to  the  magnetic  action  certain 
crystals  endowed  with  double  refraction.  With  this  view  he 
took  two  plates  of  quartz,  of  the  same  thickness,  and  of 
opposite  rotation,  so  that  on  placing  them  perpendicularly  in 
the  route  of  the  polarised  ray,  their  effects  neutralised  each 
other.  Each  of  the  plates  was  '196  in.  in  thickness.  The 
electro-magnet  was  put  in  action,  and  the  effect  was  mani- 
fested, sometimes  in  one  direction,  sometimes  in  the  other. 
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according  to  the  direction  of  the  magnetisation,  asnpE;; 
plate  of  glass,  but  much  more  feebly.  The  magnetic  rotsos 
was  5**  with  a  specimen  of  beryl  •039  in.  in  thickness,  {kt 
perpendicularly  to  the  axis.  These  are  two  examples,  tij: 
prove  that  bi-refracting  crystals  present  the  phenomeiijEi 
ciccular  magnetic  polarisation,  although  in  a  much  es; 
feeble  degree  than  other  substances. 

M.  Mathiessen,  in  a  series  of  experiments,  out  of  a  lraiifl>- 
crystals  that  he  examined,  found  only  rock  salt  whicio 
sensible  to  magnetism;  the  rotation  that  was  prodnced^ 
thickness  of  1-02  in.,  which  is  that  at  which  the  maxi^ 
eflfect  occurs,  is  little  inferior  to  that  of  boro-siJicate  of  is^ 
for  it  is  6",  the  other  being  9^     Furthermore,  M.  MathieaJ 
found  several  vitreous  combinations  that  are  more  heaxxvs 
Faraday's  glass ;  in  particular,  pure  silicates  of  lead,  ^^ 
give  an  eflfect  more  than  double  that  of  the  boixhSUB^ 
Unfortunately  they  tarnish  rapidly  in  the  air.     On  subjecc? 
to  experiment  two  hundred  and  forty  species  of  g«ss, 
same   philosopher  was  able  to  determine  very  exactly 
influence  of  the  chemical  composition  over  the  rotatory  p 
of  the  glass;  he  found  that  the  silicates  and  the  chloa^ 
hold  the  first  rank  in  respect  to  sensibility;  that  oxide  d^ 
is  the  base  that  acts  most  energetically,  then  bismuth,  ^ 
mony,  zinc,  mercury,  silver.     The  rotation  is  °^^  ^^\^ 
glasses  with  magnetic  bases :    perhaps  they  would  prw*' 
more  effect  than  all  others,  if  their  deep  colours  did  not  cms^ 
our  being  compelled  to  employ  them  only  in  the  state  of  ^ . 
thin  plates.  A  very  remarkable  fact  is  that,  when  aglasscontess 
iron,  cobalt,  or  nickel  in  so  small  a  quantity  that  it  peser^ 
a  sufficient  transparency,   the  rotation  gradually  in<^^ 
with  the  thickness  of  the  glass,  up  to  3^  inches,  y^^^^^ 
the  greatest  separation  that  can  be  given  to  the  poles  in  the  i?" 
paratus  that  was  employed;  whilst  glasses  without  a  m*?^ 
metal,  and  at  the  same  time  without  boracic  acid,  without  so<ft 
and  without  potassa,  have  their  maximum  of  effect  at  a  ^ 
less  thickness,  which  varies  between  half  an  inch  and  a^  ^ 
An  electro-magnet,  that  can  sustain  55lbs.,  gives,  with  siJ^^ 
lead,20°  of  rotation,  for  a  thickness  of  -59  in.,  and  gave  no  m^^^ 
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r  a  tliickncss  of  1*57  inches.  With  Faraday's  heavy  glass, 
1  the  other  hand,  under  the  same  magnetic  influence,  4** 
ere  obtained  with  -59  in.,  and  9°  with  1'57  inches  of 
[lickness. 

f  araday  had   observed,   that    magnetic   action   does  not 
cistantaneously   develope  in  a  substance   the  maximum  of 
otatory  power,  but  that  this  power  increases  gradually  for  a 
ew  seconds,  whilst  it  ceases  immediately  with  magnetisation. 
M.  Mathiessen  remarked  that,  for  certain  slightly  annealed 
classes,  the  augmentation  of  rotatory  power  with  the  duration 
of  the  magnetic  action  is  very  sensible ;  but  that  this  augment- 
ation especially  occurs,  if  we  change  the  poles  of  the  electro- 
magnet between  which  the  glass  is  placed.     This  happened 
to  a  silicate  of  lead,  which  at  first  gave  18°,  and  which  after- 
wards gave  20**,  after  three  or  four  changes  of  the  poles :  a 
greater  number  of  subsequent  changes  made  it  fall  back  to 
18®,  and  afterwards  to  15^     After  a  certain  time  of  rest,  the 
same  series  of  operations  may  be  recommenced,  and  with  the 
same  results.  It  would  seem  to  follow  from  this  that  the  sudden 
interruption  and  re-establishment  of  the  magnetism  diminish 
the  temper,  and  consequently  increase  the  rotation  of  the 
plane  of  polarisation ;  but  that  if  they  are  repeated  too  great  a 
number  of  times  consecutively,  they  restore  a  new  temper, 
which  diminishes  the  rotatory  power. 

Moreover,  experiment  shows  that  it  is  indeed  in  the  very 
interior  of  the  body  and  not  at  its  surfaces,  whose  effect  would 
rather  consist  in  diminishing  the  result,  that  the  phenomenon 
of  circular  magnetic  polarisation  occurs.  Six  plates  of  the 
same  glass  superposed,  the  assemblage  of  which  constitutes  a 
thickness  equal  to  that  of  another  single  piece  of  the  same 
glass,  gave  a  lesser  rotation  almost  in  the  relation  of  11  to 
13:  these  six  plates,  cemented  together  with  Canada  balsam, 
regsdn  almost  the  force  of  the  single  piece. 

All  these  results  clearly  indicate  a  relation  between  the 
rotatory  powers  and  a  peculiar  molecular  arrangement,  that 
is  determined  by  the  influence  of  magnetism  in  transparent 
bodies :  but,  before  entering  upon  the  study  of  the  causes  of 
the  rotation,  we  have  yet  to  expose  the  more  complete  ex- 
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perimental  researches  that  have  been  made  upon  this  subject^ 
and  which  are  due  to  M.  Bertin. 

M.  Bertin's  experiments  all  give  what  is  called  total  rota- 
tion ;  that  is  to  say,  the  angle  formed  by  the  two  planes  of 
polarisation,  that  is  obtained  by  directing  the  electric  current 
first  in  one  direction  and  then  in  another ;  it  is  clear  that  this 
angle  is  double  that  which  we  have  hitherto  called  the  angle 
of  rotation  of  the  plane  of  polarisation ;  but  this  is  of  little 
consequence,  since  we  are  here  concerned  in  relations  alone. 
Furthermore,  he  determines  the  rotation  of  the  two  planes  of 
polarisation  by  means  of  the  two  tints  of  passage,  one  observed 
when  the  current  is  travelling  in  a  certain  direction,  and  the 
other  when  it  is  travelling  in  a  contrary  direction.  This 
mode  of  observation  is  superior  in  accuracy  to  that  which  is 
generally  employed,  because  it  gives  a  greater  angle,  and  is 
independent  of  the  determination,  which  is  always  very  un- 
certain, of  the  zero,  that  is,  of  the  position  of  the  analyser, 
for  which  the  light  is  extinct  before  the  passage  of  the  current. 
M.  Bertin,  in  his  researches,  employed  an  electro-magnet, 
furnished  with  the  system  of  armatures  employed  by  M.  Ed. 
Becquerel,  or  with  greater  advantage  still,  of  an  arrangement 
contrived  by  M.  Rumkorff.  This  arrangement  consists  in 
placing  the  two  poles  of  the  electro-magnet  facing  each  other. 
They  are  two  cylinders  of  soft  iron  1*18  in.  in  diameter,  and 
3 '54  in.  in  length,  surrounded  by  a  copper  wire,  '078  in  dia- 
meter, covered  with  silk.  These  two  cylinders,  fixed  horizontally 
by  means  of  a  double  frame  of  cast  iron,  so  that  their  axis  is 
on  the  same  right  line,  are  pierced  with  a  round  hole,  '39  in. 
wide,  in  the  direction  of  the  axis,  in  order  to  allow  a  ray  of 
light  to  pass  freely  (Fig.  167.);  the  two  poles  facing  each 


riff.  167. 

each  other  are  '39  in.  apart ;  and  in  this  space  allow  of  the 
interposition  either  of  a  solid  body,  or  of  a  small  tube  con- 
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taining  a  liquid^  and  terminated  by  two  flat  surfaces.  The 
two  prisms — the  polariser  and  the  analyser,  are  fixed  re- 
spectively upon  each  upright  of  the  frame  at  the  centre  of  the 
hole,  so  that  the  light  meets  one  on  entering,  and  the  other  on 
coming  out. 

M.  Bertin  also  employed  advantageously  several  bobbins 
placed  successively  along  the  same  axis,  and  containing  an 
iron  core  pierced  along  its  axis  by  a  cylindrical  hole ;  so  that 
the  ray  of  light  might  freely  travel  in  the  direction  of  the 
axis  from  one  end  to  the  other.  If  several  glasses  are  placed 
in  the  intervals  by  which  the  bobbins  are  separated,  care 
being  taken  that  the  electric  current  traverses  them  all  in  the 
same  direction,  we  find,  as  might  have  been  expected,  that  the 
rotations  produced  by  all  these  glasses  are  added  together ; 
for  they  all  occur  in  the  same  direction,  which  is  that  of  the 
direction  of  the  current,  according  to  the  law  discovered  by 
Faraday.  By  this  means,  we  may  indefinitely  multiply  the 
action  of  a  substance,  and,  consequently,  render  this  action 
visible,  however  feeble  it  may  be.  A  filie  of  bobbins  3*93  in. 
wide,  and  each  containing  an  iron  cylinder  1"18  in.- in  diameter 
pierced  along  its  axis,  were  centred  in  succession,  one  after  the 
other,  in  a  wooden  trough.  This  file  presented  five  intervals, 
including  the  extremities,  in  which  the  substances  could  be 
placed  that  were  submitted  to  the  magnetism ;  and  the  follow- 
ing are  the  very  remarkable  results  of  an  experiment  made 
with  five  small  vessels  filled  with  sulphuret  of  carbon,  each 
presenting  a  stratum  '393  in.  in  thickness :  — 

With  5  vessels  placed  in  the  five  intervals  -  8^   5^  of  rotation. 

„     3      „       (the  two  extremes  are  removed)  -  6^  25'         „ 

„     1  only  (the  middle  ones  are  removed)         •  2^  „ 

„     5  in  contact  between  two  double  bobbins  -  4^  „ 

Various  similar  experiments  made  with  other  substances 
equally  show  that  the  increase  of  rotation  is  less  due  to  the 
increase  of  thickness  of  the  body,  that  is  submitted  to  the 
magnetic  influence,  than  it  is  to  the  distribution  of  its  diflerent 
strata  in  the  intervals  of  the  bobbins. 

Some  philosophers  had  thought,  at  the  origin  of  Faraday's 
discovery,  that  all  solutions  had  the  same  rotatory  power.    The 
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facts  obseryed  bj  M.  Bertin  demonstrate,  in  the  most  peremp- 
tory manner,  that  this  is  an  error.  The  following,  for  instance, 
are  the  numbers  that  he  found  for  the  rotation  produced  by 
different  anhydrous  liquid  substances,  and  for  water :  — 


Thickneu. 

Rotation. 

Bichloride  of  tin 

-   -893111. 

r»3o' 

Sulphuret  of  carbon 

» 

r 

Frotochloride  of  phosphoruB 

n 

5« 

Water  -            -            .            - 

•           i« 

2*»20' 

If  we  pass  on  to  solutions,  we  find  for  them  a  less  rotatory- 
power  than  that  of  anhydrous  liquids,  especially  for  alcoholic 
solutions,  which  are  inferior  in  this  respect  to  aqueous 
solutions.     Thus,  — 


ThkkiMM.  

Chloride  of  magnesiiun  disaolyed  in  water  5*11  in.  &^   5' 

„    alcohol  „  8*>20' 

Water „  4°  15' 

Alcohol  at  36**  -  -  -  -  „  S** 

M.  Bertin,  desirous  of  establishing,  for  each  substance,  its 
coefficient  of  magnetic  polarisation,  was  compelled  with  this 
view  to  try  and  determine  the  laws  that  are  followed  by  the 
double  opposed  influence  that  is  exercised  upon  the  intensity 
of  magnetic  polarisation  by  the  increase  of  the  thickness  of  the 
substance,  and  that  of  the  distance  of  the  magnetic  poles,  by 
which  it  is  necessarily  accompanied.  He  found,  as  the  result 
of  numerous  experiments,  by  employing  a  single  bobbin,  and 
successively  removing  &om  it  a  piece  of  flint-glass  which  had 
at  first  been  in  contact  by  one  of  its  extremities  with  this 
bobbin,  that  if  the  distances  of  the  flint  glass  increase  in  arithme^ 
tical  progression^  the  rotations  of  the  plane  of  polarisation  (fo- 
crease  in  geometrical  progression.  Then,  by  putting  the  piece 
of  flint-glass  between  two  bobbins,  he  succeeded  in  deter- 
mining the  action  of  each  of  them;  an  action  that  is  com- 
pounded of  the  mutual  influence,  variable  with  their  relative 
distance,  which  is  exercised  upon  each  other  by  the  opposite 
magnetic  poles,  between  which  the  flint-glass  is  placed. 
However,  he  succeeded  in  obtaining  a  formula  in  which  a 
term,  dependent  only  on  the  nature  of  the  body  submitted  to 
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periment^  and,  consequently,  independent  of  its  thickness, 
its  distance  from  the  poles,  and  of  the  force  of  the  latter, 
ght  be  determined  by  means  of  data  furnished  by  experi- 
3nt.  He  called  this  term  the  coefficient  of  magnetic  polaris- 
.oiL.  It  represents  the  rotation  that  a  plate  ^j  in.  in 
Lckaess  would  produce,  supposing  it  was  in  contact  with 
e  pole.  The  following  table  contains  these  co-efficients  for 
fferent  substances  compared  with  Faraday's  heavy  glass :  — 


Farada7*8  heavy  glass 

Guinaad*s  flint-glass 

Mathtessen*s  „  .  • 

Very  dense     „  (from  the  Conservatoire) 

Common        >»         •  • 

Bichloride  of  tin       - 

Siilphuret  of  oarbon 

Frotochloride  of  phosphorus 

Chlorideof  zinc,  dissolved    • 

Chloride  of  calcium     »        ' 

Water  .  -  -  - 

Ordinary  alcohol  at  36^ 

Ether  .  -  -  - 


-  0-87 

-  0-88 

-  0-55 

-  0-53 

-  0-77 

-  0-74 

-  0-51 

-  0-55 

-  0-45 

-  0-25 

-  0-18 

-  0-15 


Examination  of  the  Nature  and  of  the  Cause  of  the  rotatory 
Power  that  is  acquired  by  Bodies  under  magnetic  Influence. 

The  results  that  we  have  been  describing  show  us  that 
magnetic  rotatory  power  is  a  specific  property  of  bodies ;  that 
is  to  say,  that  it  depends  essentially  for  each  on  their  chemical 
and  physical  nature. 

But  what  is  the  relation  that  exists  between  this  property 
and  the  double  nature  of  the  body?  Before  attempting,  not 
to  resolve,  which,  in  the  present  state  of  science,  would  be  im- 
possible, but  simply  to  attack  this  question,  let  us  endeavour 
to  establish  satisfactorily  the  character  itself  of  the  phenomenon 
of  circular  magnetic  polarisation,  and  its  relations  of  resem- 
blance or  non-resemblance  with  that  of  natural  circular 
polarisation. 

These  two  phenomenH  are  of  the  same  order;  they  present 
themselyes  under  the  same  form:  and  we  have  seen  firom 
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Faraday's  experiments  that^  in  the  same  liquid^  natural  rota- 
tion and  magnetic  rotation  are  added  together  or  are  deducted 
from  each  other^  according  as  they  are  in  the  same  or  in 
opposite  directions. 

An  experiment  of  M.  E.  BecqaerePs  comes  also  entirely  to 
confirm  this  mode  of  viewing  it  Having  obtained  a  deviation 
of  16®  with  Faraday's  heavy  glass^  he  prepared  a  solution  of 
sagar,  which^  when  placed  in  a  glass  tube  of  a  suitable  length, 
produced  the  same  deviation.  Then^  by  making  the  polarised 
ray  pass  successively  through  this  solution  and  the  heavy 
glass^  while  submitted  to  magnetic  influence,  he  obtained  a 
deviation  of  32**,  or  a  null  deviation,  according  as  the  two 
rotatory  powers  act  in  the  same  direction  or  in  contrary 
directions. 

But,  although  the  two  classes  of  phenomena  may  be  of  the 
same  order,  there  is  a  fundamental  difference  between  them ; 
it  is  relative  to  the  direction  of  the  rotation.     In  circular 
magnetic  polarisation  this  direction  is  absolute;  it  only  de- 
pends on  the  direction  of  the  magnetisms  or  the  currents: 
the  polarised  ray  always  turns  in  the  same  direction  as  that 
according  to  which  the  electric   currents   travel,  that  are 
acting  either  directly  or  by  the  intervention  of  magnetism 
upon  the  substance  submitted  to  experiment.     In  natural  cir- 
cular polarisation,   the   direction   is   always  relative  to  the 
position  of  the  observer  in  respect  to  the  polarised  ray  and* 
the  substance  it  is  traversing.    Thus,  if  we  caU  one  of  Nichol's 
prisms  a,  and  the  other  b,  each  being  able  to  serve  indifferently 
as  polariser  or  analyser,  the  following  is  what  happens  in  the 
case  of  circular  magnetic  polarisation.     If  the  north  pole  is 
on  the  side  of  a,  and  the  south  pole  on  the  side  of  6,  or,  what 
comes  to  the  same  thing,  if  the  electric  currents  circulate 
from  left  to  right  around  the  transparent  substance,  the  plane 
of  polarisation  will  be  deviated  to  his  right ;  but  if  the  observer 
transfers  himself  to  b,  and  the  polarised  ray  goes  from  b  to  a, 
instead  of  going  from  a  to  6,  all  other  circumstances  remaining 
the  same,  the  plane  of  polarisation  is  Indeed  deviated  in  the 
same  manner;  but,  as  far  as  the  observer  is  concerned,  in 
his  new  position  this  deviation  occurs  toward  his  left^  and  no 
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longer  toward  his  right  When  the  circular  polarisation  is 
natural^  things  occur  quite  differently :  if,  the  observer  being 
at  a,  the  plane  of  polarisation  is  deviated  from  right  to  left  for 
any  substance^  such  as  essence  of  turpentine,  this  deviation 
will  still  occur  from  right  to  left,  in  respect  to  the  observer, 
when  he  transfers  himself  to  b;  and  the  polarised  ray  is 
passing  from  6  to  a  instead  of  from  a  to  5.  The  direction  of 
the  deviation,  relatively  to  the  observer,  will  indeed  have 
remained  the  same,  but  its  absolute  direction  will  have 
changed ;  a  result  exactly  the  reverse  of  what  we  obtained 
with  circular  magnetic  polarisation. 

This  important  difference  explains  why,  in  this  latter  case, 
we  may  increase  the  deviation  of  the  plane  of  polarisation,  by 
making  the  ray  go  and  return  several  times  in  the  transparent 
substance  that  is  submitted  to  magnetic  influence ;  whilst,  in 
the  other  case,  we  gain  nothing  by  this  mode  of  operating. 
Take,  in  fact,  a  prismatic  piece  of  heavy  glass,  *59  in.  square, 
and  about  2*36  in.  long;  take  care  that  its  two  small  extreme 
faces  are  well  polished,  and  cover  them 
with  a  silver  leaf,  that  presents  in- 
teriorly a  reflecting  surface  {Fig.  168.). 
Remove  the  silver,  from  a  space  only 
^si'^^^'  -118   in.  wide,  on  each  of  the  two 

faces,  and  so  arrange  the  glass  that  a  ray  of  polarised  light, 
introduced  obliquely  through  the  exposed  part  of  one  of  the 
small  faces,  after  two  or  more  reflections  upon  the  silvered 
surface,  shall  come  and  escape  from  the  part  also  exposed  on 
the  other  small  face.  If  the  glass  is  submitted  to  magnetic 
action,  the  plane  of  polarisation  will  have  undergone  a  de- 
viation three  times  more  considerable  after  two  reflections 
than  it  would  have  experienced  had  the  ray  only  pursued  its 
direct  course  through  the  glass.  In  fact,  it  has  made  in  it 
tliree  courses  instead  of  one ;  and,  in  each,  its  plane  of  polaris* 
ation  has  been  deviated  to  an  equal  angle.  Had  it  under- 
gone four  reflections,  and  consequently  made  five  courses, 
this  deviation  would  have  been  quintuple.  Then,  in  the 
experimental  combination  that  we  have  just  been  describing, 
we  find  a  means  of  multiplying  considerably  the  magnetic 
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rotatory  effect  In  one  of  Mr.  Faraday's  experiments,  the 
deviation  was  12^  for  a  ray  that  had  traversed  hut  once  a 
piece  of  heavy  glass:  it  hecame  36®  when  the  ray,  having 
undergone  two  interior  reflections,  had  traversed  the  piece  of 
glass  three  times;  and  60®  when  it  had  traversed  it  five 
times,  having  undergone  four  interior  reflections.  Here  the 
greatness  of  the  effect  obtained  is  exactly  proportional  to  the 
length  of  the  ray  submitted  to  the  action  of  the  magnetic 
force :  this  is  due  to  our  being  able  to  increase  the  length  of 
the  course,  without  in  any  way  changing  the  intensity  of  the 
magnetic  force ;  whilst,  when,  in  order  to  obtain  this  increase, 
it  is  necessary  to  lengthen  the  transparent  substance,  we  are 
obliged  to  separate  the  poles ;  and,  as  we  have  abready  said, 
we  lose  on  the  one  hand  what  we  gain  on  the  other. 

If  we  operate  in  the  same  manner  with  a  substance  naturall  j 
possessing  circular  polarisation,  the  result  is  quite  different. 
In  fact,  the  plane  of  polarisation  of  the  reflected  ray,  which 
retrogrades  in  the  substance,  experiences  a  rotation  equal  to 
that  which  it  would  have  experienced  in  the  first  course  of 
the  ray ;  but  this  second  rotation  occurs  in  a  contrary  direc- 
tion to  the  first,  that  is,  from  left  to  right  if  the  former 
occurred  from  right  to  left ;  which  experiment  has  taught  us. 
It  follows  from  this,  that  these  two  rotations  annihilate  each 
other ;  and  that  when  the  ray,  reflected  a  second  time,  finally 
goes  out  of  the  substance,  the  deviation  of  its  plane  of  polari- 
sation, notwithstanding  its  three  courses  through  this  sub- 
stance, is  no  greater  than  it  would  have  been  had  it  made  but 
one.  GeneraJly,  if  the  number  of  courses  is  even,  the  effect 
is  null ;  if  they  are  odd,  it  is  the  same  as  if  there  had  been 
but  a  single  course. 

The  difference  that  we  have  been  pointing  out  enables  us, 
in  a  very  simple  manner,  to  bring  about  circular  magnetic 
polarisation  in  quartz  :  it  is  sufficient  for  this  to  have  a  single 
reflection,  and  consequently  only  two  courses  of  the  polarised 
ray  in  this  crystal;  for  this  double  course  annihilates  its 
natural  circular  polarisation,  and  doubles,  on  the  contrary, 
that  which  is  determined  in  it  by  the  influence  of  the  poles  of 
the  magnet 
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A.  more  convenient  manner  of  demonstrating  the  opposite 
effect,  according  as  one  or  the  other  of  these  cases  is  under 

consideration^  that  is  produced 
by  the  double  course  in  oppo- 
site directions  in  the  same  sub- 
stance of  a  polarised  ray,  consists 
in  employing  for  these  experi- 
ments Noremberg's  very  simple 
polarising  apparatus  (iT^.  169.). 
In  this  apparatus,  the  polar- 
isation is  produced  by  the  re- 
flection of  the  light  upon  an 
inclined  transparent  glass  sur- 
face ;  the  light  is  first  reflected 
from  above  downward  by  this 
I  oblique  glass ;  it  is  then  reflected 
from  below  upward  by  a  hori- 
zontal tinned  glass  placed  be- 
low, and  traverses  vertically 
^*9'  169-  the  oblique  glass  plate,  in  order 

to  arrive  at  the  analysing  crystal  placed  on  the  top  of  the 
apparatus,   and   which  may   be    made    to   rotate    round   a 
graduated  circle.     The  lower  horizontal  mirror  is  arranged 
upon  the  pole  of  a  powerful  electro-magnet ;  then  upon  this 
mirror  is  placed  the  transparent  substance,  a  piece  of  Fara- 
day's heavy  glass,  for  example :  so  long  as  the  current  does 
not  pass  around  the  wire  of  the  electro-magnet,  there  is  no 
effect;  but  as  soon  as  it  passes  it  is  necessary  to  turn  the 
analyser  10°  if  the  glass  is  *7  in.  in  thickness,  and  2V  if  it  is 
1*88  in.,  in  order  to  recover  the  plane  of  polarisation:  these 
two  numbers,  therefore,  express  the  rotation  of  this  plane. 
But,  by  this  arrangement,  the  polarised  ray  has  traversed  the 
heavy  glass  twice ;  once,  when  reflected  by  the  oblique  glass 
plate,  it  was  directed  from  above  downward ;  a  second  time, 
when  reflected   by  the  horizontal   glass,   it  was  sent  back 
vertically  from   below   upward.      The   effect,   therefore,   is 
doubled  by  the  magnetic  circular  polarisation ;  it  is,  on  the 
contrary,  annihilated  in  natural  circular  polarisation:   and 
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thus  it  is  that,  by  operating  in  this  manner,  we  prove  in  the 
best  manner  possible  circular  magnetic  polarisation  in  quartz^ 
because  we  annihilate  the  natural  polarisation. 

Let  us  now  return  to  the  comparison  between  the  two  modes 
of  circular  polarisation,  and  to  the  fundamental  difference 
that  we  have  established  between  them.  It  is  evident  that 
the  natural  rotatory  property  of  certain  bodies,  such  as  essence 
of  turpentine,  is  due  to  the  nature,  and  not  to  the  arrange- 
ment, of  their  particles;  for,  whatever  be  the  direction  ac- 
cording to  which  the  polarised  ray  traverses  this  fluid,  the 
rotation  that  it  undergoes  is  always  the  same,  from  right  to 
left;  it  depends  only  on  the  direction  of  the  ray  itself:  the 
power  by  which  it  is  produced  appears,  therefore,  to  belong, 
in  all  directions  and  in  all  times,  to  the  molecules  of  the  fluid. 
Circular  magnetic  polarisation,  on  the  contrary,  existing  in  a 
single  direction  only,  namely,  in  a  plane  that  is  perpendicular 
to  the  line  of  the  magnetic  force,  it  must  consequently  be  due 
to  a  particular  arrangement  impressed  by  magnetism  upon 
the  particles,  according  to  which  they  are  capable  of  acting, 
in  certain  directions  in  a  certain  manner ;  depending  on  the 
direction  of  the  magnetic  or  the  electric  force,  and  not  in  aU 
directions  in  a  uniform  manner,  as  in  the  preceding  case. 
The  natural  rotatory  property,  therefore,  is  inherent  in  the 
atom  or  the  molecule,  and,  consequently,  may  be  considered 
as  atomic  or  molecular,  as  M.  Biot  had  seen.  The  artificial 
rotatory  property  is  due  to  a  species  of  polarity,  impressed 
upon  the  atom  or  the  molecule,  which  causes  it  to  act  only 
according  to  a  direction,  and  in  this  direction  alone,  in  one 
way  or  the  other,  according  as  these  contrary  polarities  are 
on  one  side  or  on  the  other. 

Now,  what  is  this  peculiar  state  of  the  molecule, — this 
polarity,  that  is  impressed  upon  it  by  the  action  of  magnetism 
or  of  electric  currents  ?  It  has  been  thought  that  it  is  due 
merely  to  a  new  arrangement  called  into  being  by  this  action ; 
or,  in  other  words,  several  philosophers  have  supposed  that 
the  property  of  acting  upon  light  acquired  by  transparent 
bodies  under  this  influence,  arises  only  from  a  change  in 
the  relative  position  of  particles,  that  it  would  bring  about 
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In  support  of  this  opinion,  we  may  first  call  to  our  aid  its 
analogy  with  what  occurs  in  magnetic  bodies,  such  as  soft 
iron,  in  which  the  action  of  magnetism,  or  of  electric  currents, 
produces  a  new  arrangement  of  the  particles.  M.  Mathies- 
sen's  experiments,  which  seem  to  indicate  a  modification  in 
the  tempers  of  the  specimens  of  glass  submitted  repeatedly 
to  the  action  of  powerful  magnetic  forces,  would  also  lead  us 
to  admit  that  this  action  modifies  the  molecular  6tate  of 
bodies.  Finally,  M.  Matteucci's  researches  would  seem  to 
furnish  a  still  more  remarkable  proof  of  this.  This  philo- 
sopher found,  that  a  compression  exercised  upon  heavy  glass, 
and  upon  flint-glass,  when  subject  to  magnetic  influence, 
modifies  their  rotatory  power ;  and  in  crown  glass  it  makes  it 
entirely  disappear.  The  specimens  submitted  to  experiment 
were  cubicd;  and  they  were  compressed  in  the  direction 
normal  to  the  direction  of  the  polarised  ray,  and  consequently 
of  the  magnetic  force.  In  order  to  make  the  experiment,  we 
begin  by  compressing  the  glass  to  a  certain  point ;  we  then  see 
the  colours  appear,  and  we  turn  the  analyser,  in  order  to 
return  to  zero.  We  then  make  the  current  pass  around  the 
electro-magnet ;  we  immediately  obtain  a  rotation,  but  it  is  no 
longer  equal  in  the  two  directions,  as  it  was  before  the  glass 
was  compressed.  What  is  curious  is,  that  it  is  stronger  in  the 
same  direction,  in  which  it  had  already  been  necessary  to  turn 
the  analyser,  in  order  to  regain  the  zero,  under  the  effect  of 
simple  compression,  without  magnetisation.  The  difference  is 
very  sensible :  thus,  with  compressed  heavy  glass,  M.  Mat- 
teucci  obtained  a  rotation  that  was  5^'6  and  even  8°  in  one 
direction,  and  only  3®  or  4**  in  the  contrary  direction.  Im- 
mediately that  the  compression  ceased,  the  two  rotations 
became  exactly  equal.  Flint-glass  gave  similar  results,  but 
a  little  less  decided.  The  same  philosopher  also  found  that 
elevation  of  temperature  increased,  in  heavy  glass  and  in 
flint-glass,  this  aptitude  to  manifest  the  rotatory  property 
under  magnetic  influence.  By  always  employing  the  same 
current  for  the  magnetisation,  he  obtained  double  the  ro- 
tation, by  giving  to  the  heavy  glass  upon  which  he  was 
operating  the  temperature  of  boiling  oil.     The  rotation  re- 
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turned  to  what  it  had  been  before  it  was  heated^  when  the 
glass  was  cold. 

These  different  facts,  therefore,  prove  the  relation  of  the 
phenomena  discovered  bj  Faraday  with  the  molecular  con- 
dition of  the  bodies  submitted  to  experiment.  But  there  is 
a  wide  difference  between  this  and  admitting  that  this  con- 
dition is  the  cause  of  it  In  fact,  with  the  exception  of  a  few 
traces  of  temper,  and  these  somewhat  dubious,  observed  by 
M.  Mathiessen,  nothing  hitherto  has  shown  directly  that  the 
electric  and  magnetic  forces  may  influence,  by  their  exterior 
action,  the  molecular  constitution  of  solid  non-magnetic  bodies. 
Further:  liquids,  which  all  manifest,  though  in  different 
degrees,  it  is  true,  the  rotatory  property  imder  magnetic  action 
do  not  owe  it  to  a  modification  impressed  by  this  action  upon 
thdr  molecular  constitution ;  for  we  may  agitate  them,  may 
make  them  be  traversed  by  electric  currents  in  all  directions, 
without  the  property  being  in  the  slightest  degree  altered. 
Moreover,  direct  observations,  made  with  great  care,  do  not 
seem  to  indicate  that  the  exterior  influence  of  magnetism  or 
electricity  exercises  any  effect  upon  the  physical  constitution 
of  liquids,  upon  their  volume,  their  fluidity,  &c 

If  it  is  not  to  an  alteration  in  the  arrangement  of  their 
particles  that  bodies  owe  the  rotatory  power  that  they  acquire 
under  the  influence  of  magnetism,  we  must  endeavour  to  seek 
the  origin  in  some  other  modification  which  they  experience 
beneath  this  influence.  In  fact,  this  phenomenon  does  not  arise 
from  a  direct  action  exercised  by  magnetism  upon  light ;  the 
body  is  a  necessary  intermediate ;  for  a  polarized  ray  travel- 
ling in  vacuo,  or  even  in  a  gas,  does  not  undergo  any  action 
on  the  part  of  a  powerful  electro-magnet  This  has  been 
proved  by  Mr.  Faraday  and  several  other  philosophers :  the 
presence  of  material  molecules,  or  of  molecules  tolerably 
near  together,  such  as  those  constituting  a  solid  or  a  liquid, 
seems  therefore  to  be  a  necessary  condition.  On  the  other 
hand,  the  action  not  being  exercised  upon  the  particles,  so  as 
in  any  way  to  modify  their  relative  position,  it  is  necessary  to 
admit  that  it  is  upon  the  particles  in  their  relation  with  the 
ether  by  which  they  are  enveloped  that  it  occurs;  but,  in 


Digitized  by 


Google 


GOiLP.Yl.    ACTION  OP   MAGKETISM  UPON  ALL   BODIES.       623 

order  that  the  action  which  the  particles  exercise  naturally 
upon  the  ether  may  be  modified  by  the  magnetic  force  to 
which  they  are  subjected^  it  is  necessary  that  diis  ether  be  in 
that  particular  state  that  follows  from  the  close  approximation 
of  the  particles.  Now  this  particidar  state  consists  in  that  it 
is  more  dense  and  more  elastic  in  solid  and  liquid  media  than 
in  the  gases ;  which^  as  we  know>  is  the  cause  of  the  high 
refracting  power  of  the  first  two  classes  of  bodies. 

Thus  the  magnetic  force  would  not  act  upon  the  ether  by 
the  intervention  of  tile  particles,  except  when  it  is  in  a  certain 
state  of  density,  arising  from  the  action  exercised  naturally 
upon  it  by  the  particles,  and  would  act  the  more  powerfully 
as  this  density  should  be  more  considerable.  As  it  does  not 
depend  wholly  upon  that  of  the  body,  that  is,  upon  the 
nearness  of  the  particles  of  which  it  is  constituted,  but  rather 
upon  the  nature  of  these  particles,  it  is  not  always  the  densest 
bodies  that  are  the  most  refracting,  and  which  consequently 
ought  to  experience  the  greatest  amount  of  circular  magnetic 
polarisation.  Experiment  entirely  confirms  this  mode  of 
viewing  the  subject ;  and  if  we  cast  our  eyes  over  the  table, 
which  as  yet  is  very  limited,  it  is  true,  and  very  imperfect  in 
the  co-efficients  of  magnetic  polarisation,  we  are  struck  with 
the  fact  that  the  substances  follow  each  other  in  this  table, 
almost  in  the  same  order  as  in  the  table  of  their  refracting 
powers.  Further  researches  are  necessary,  in  order  to 
establish  on  still  more  solid  bases  the  analogy  that  I  have 
be^i  pointing  out ;  and  especially  to  determine  the  nature  of 
the  modification  experienced  by  the  action  of  the  particles 
upon  the  ether  under  magnetic  influence;  a  modification, 
the  essence  of  which  is  to  break  the  uniformity  of  its  mode 
of  action  around  the  particle;  to  substitute  for  it  another, 
occurring  only  according  to  a  certain  direction,  and  moreover 
in  a  contrary  way  at  the  two  opposite  extremities  of  this 
direction ;  a  mode  of  action  that  the  word  polarity  charac- 
terises very  well. 

However,  not  attributing  the  production  of  the  rotatory 
power  for  magnetism  to  a  molecular  derangement  produced 
by  this  agent,  we  do  not  deny  that  the  arrangement  of  the 
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particles  of  a  body  influences  its  optical  properties.  Thus 
every  arrangement  that  disturbs  its  imifonnity  of  structure, 
such  as  is  determined  by  nature  in  crystals,  and  which  is 
produced  artificially  in  glass,  by  compression,  for  example, 
gives  rise  to  phenomena  of  double  refraction  and  of  polaris- 
ation, which  can  only  be  explained  by  admitting  that  this 
alteration  of  molecular  constitution  causes,  as  its  consequence, 
the  ether  not  to  have  the  same  elasticity  in  all  directions 
equally. 

But  if  the  molecular  arrangement,  be  it  natural  or  artificial, 
developes  optical  properties  in  certain  bodies,  I  do  not  at 
present  know  that  it  has  determined  in  them  circular  polaris- 
ation, which  appears  to  me  essentially  due,  as  M.  Biot  also 
remarked,  to  the  intimate  nature  of  the  molecules  rather  tlian 
to  their  state  of  aggregation.  Now,  what  is  it  that  characterises 
the  intimate  nature  of  the  particle  if  it  is  not,  with  its  weight, 
its  action  upon  the  ether  by  which  it  is  enveloped?  It  is 
this  action,  therefore,  that  the  presence  of  the  magnetic  force 
would  modify,  by  giving  to  it,  as  we  have  said,  a  particular 
direction  and  a  polarity.  I  know  that  we  might  suppose  that 
the  particles  in  their  natural  state  exercise  this  kind  of  action 
upon  the  ether,  that  is,  that  they  are  naturally  polar.  In 
this  case  certain  substances  would  have  of  themselves,  and 
others  would  acquire  under  the  influence  of  magnetism,  the 
property  of  manifesting  this  molecular  polarity,  which  would 
be  in  all  ordinary  cases  neutralised  by  the  mutual  action  of 
the  particles  upon  each  other;  a  neutralisation  that  would 
constitute  a  state  of  equilibrium.  But  it  would  be  necessary 
in  this  explanation  to  suppose  a  change  of  position  of  the 
particles  in  respect  to  each  other;  a  change  that  does  not 
appear  very  probable ;  and  which,  at  all  events,  it  is  not  easy 
to  admit,  imtil  it  shall  have  been  demonstrated  directly. 

To  sum  up :  in  the  ideas  at  present  received  on  the  con- 
stitution of  matter,  we  think  that  the  phenomena  discovered 
by  Faraday  ought  to  be  attributed  to  an  action  of  magnets 
and  electric  currents,  exercised  neither  on  the  particles  alone, 
nor  on  the  ether  alone,  but  on  the  manner  of  the  existence  of 
the  particles  in  respect  to  the  ether. 
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Action  of  Magnetism  upon  Polarised  cahrijic  Rays. 

Radiating  heat  is  polarised  the  same  as  light,  as  several 
philosophers  have  succeeded  in  showing.  It  is  electricity 
that  furnishes,  in  the  thermo-electric  pile,  as  we  shall  see 
further  on,  the  fittest  instruments  for  proving  this  property. 

M.  Wartmann,  a  short  time  after  Faraday's  discovery, 
announced  that  a  piece  of  rock  salt,  placed  in  the  route  of 
polarised  rays  of  heat,  determines  the  rotation  of  the  plane  of 
polarisation,  if  a  powerful  electro-magnet  is  made  to  act  upon 
IL  Rock  salt,  in  the  experiment,  plays  for  radiant  heat  the 
same  part  that  glass  plays  for  light;  namely,  it  transmits 
it  without  its  experiencing  a  sensible  diminution  in  intensity ; 
and  like  glass,  when  under  the  action  of  magnetism,  rock 
salt,  in  like  manner,  makes  the  plane  of  polarisation  of  the 
rays  that  are  traversing  it  deviate.  MM.  de  la  Prevostaye 
and  Desains  have  confirmed  the  result  that  M.  Wartmann 
had  at  first  obtained,  by  employing  slightly  different  means, 
and,  in  particular,  by  making  use  of  solar  heat.  They  even 
succeeded  in  measuring  the  deviation  of  the  plane  of  polaris- 
ation,— a  determination  that  is  very  difficult,  and  which 
requires  the  employment  of  very  delicate  processes  and  appa- 
ratus. We  shall  return  to  this  subject  when  we  shall  have 
made  known  these  processes  and  apparatus. 
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NOTES 

BELAUVE  TO 

MATHEMATICAL  DEVELOPMENTS 

or 
CERTAIN  PARTICULAR  POINTS. 


NOTE  A.  (p.  12.) 

In  the  experiment  that  serves  to  establish  the  law  of  the  inverse 
of  the  square  of  the  distance,  for  electric  attractions  and  repul* 
sions,  we  take,  as  a  measure  of  the  distance  bj  which  the  two 
electrised  balls  are  separated,  the  arc  that  separates  them,  and  not 
the  chord,  which  is  the  true  distance.  Furthermore,  we  take  no 
account  of  the  fact,  that  the  attractive  or  repulsive  force  acts 
obliquely  upon  the  needle;  and  that,  consequently,  it  does  not 
contribute  in  its  full  amount  towards  making  it  turn.  Although 
the  obliquity  is  very  small,  on  account  of  the  small  extent  of  the 
arcs, — a  circumstance  that  also  renders  the  error  very  small  that  is 
committed  in  taking  the  arc  for  the  chord, — it  is,  however,  very 
necessary,  considering  the  importance  of  the  law  which  this  ex- 
periment tends  to  establish,  to  show  that  it  is  indeed  a  rigorous 
consequence,  and  not  only  approximative.  With  this  view,  let  f 
represent  the  intensity  of  the  total  force,  when  the  distance  be- 
tween the  two  electrised  balls  is  unity ;  this  force  at  the  distance 

D  will  become  -^»  i^  ^^  set  out  on  the  supposition  that  the  law 

we  are  desirous  of  demonstrating  exists. 
Let  a  b  {Fig.  1.)  be  the  chord  of  the  arc  that  separates  the  two 
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Fig.  I. 


balls,  and  c  by  the  radius  of  this  arc 
Bj  decomposing  the  force  that  acts 
in  the  direction  a  b  into  two,  the 
one  directed  according  to  c  &,  which 
is  destroyed  by  the  resistance  of  the 
axis  of  rotation^  the  other  along  the 
line  b  ty  perpendicular  to  c  6,  and 
consequently  tangent  to  the  arc; 
this  latter  alone  will  contribute  to 
the  movement  But  it  will  be  equal 
to  the  force  directed  according  to 

F 

a  by  namely,  to  -^  multiplied  by  the 


co-sine  of  the  angle  a  b  ty  which  is  the  complement  of  a  6  e. 
But  the  triangle  ab  c  being  isosceles,  the  angle  a  b  c  =^  90°  ^  ^ 
a  c  b;  hence  co-sine  a  b  i  =:  sin.  a  b  c  =:  cos.  ^  a  c  b  ^=^  cos.  ^  a, 
letting  a  represent  the  angle  a  c  b.     Thus  the  force  will  be  ex- 


pressed by  —^  COS. ^Oj 


on  the  other  hand,  the  distance  d  or  the 


chord  a  b  =  2  r  sin.  ^  a,  which  is  found  immediately,  by  drawing 
the  perpendicular  c  p,  and  calling  r  the  radius,  that  the  movable 
ball  describes,  namely,  c  b;  we  have,  in  fact,  ap  =  r  sin.  ^  a  and 
p  b  =:  r  sin.  ^  a ;  therefore  ap-\'pb  or  ab=2r  sin.  ^  a.   Thus 

we  easily  find  as  an  expression  of  the  force  .    ^   •*  f  x     =  *•  ^ t 

A.  representing  the  angle  of  torsion  that  produces  equilibrium  to 

the  force,  and  which  is  consequently  proportional  to  it,  and  n  the 

co-efficient  dependent  on  the  torsion  balance  that  indicates  this 

relation.     We  draw  from  this  equation 

p  .     ,  sin.  i  a  .      i      ^         i 

2 — •  =  A  Sin.  *  a  X  1      =  A  sin.  4  a  tang,  l  a. 

4n  r*  '  COS.  ^  a  *  °   * 

This  last  expression  must  be  constant,  if  the  hypothesis  from 

which  we  set  out  —  namely,  the  law  of  the  inverse  of  the  square — is 

F 

correct.    For  : — ^  is  a  constant  quantity,  so  long  as  the  force  f, 

— namely,  the  electric  charge  of  the  two  balls — does  not  change ; 
since  n  and  r  are  themselves  constants,  that  depend  only  upon  the 
apparatus  employed.  Now,  the  following  Table  of  Experiments, 
very  carefully  made  by  M.  Biot,  shows  that  this  is  really  the 
case: — 
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let  Experiment 

2d 

8d 

In  like  manner  supposing 

a 

360 
18° 

A 

36<> 
144° 
675f 
667* 

▲  sin.  A  a  tang.  I  a 
3-614 
3-568 
3-169 
3-557 

The  variation  in  the  result  of  the  third  experiment  corresponds 
to  an  error  of  aboat  half  a  degree  in  the  observation  of  the  arc  ; 
althoagh  this  error  may  be  tolerated^  it  is  probable,  however,  that 
it  is  due  to  an  effect  of  induction,  arising  from  the  great  proximity 
of  the  two  balls,  and  which  thus  disturbs  the  result. 

The  calculation  that  we  have  been  giving  is  equally  applicable 
to  the  case  in  which  the  force  f  is  either  repulsive  or  attractive  ; 
however,  in  the  latter  case,  we  must  pay  regard  to  an  important 
circumstance  that  occurs  when  attraction  is  in  question,  as  will  be 
easily  understood  from  what  follows. 
Let  coTab  {Fig,  2.)  be  the  angle  at  which  the  zero  of  torsion  has 
been  displaced,  which  in  this  case  cannot 
rest  where  it  first  was,  as  in  the  case  of 
repulsion,  namely,  at  the  point  where  the 
two  balls  are  in  contact ;  let  ab'  or  a  be 
the  smaller  arc  than  c,  which  separates  the 
two  balls  when  being  charged  with  con- 
trary electricities,  equilibrium  is  esta- 
blished between  their  mutual  attraction 
and  the  torsion  that  tends  to  separate 
them ;  it  is  evident  that  c— a  expresses 
the  angular  quantity  to  which  the  movable  ball  has  been  dis- 
placed, viz.,  the  angle  of  torsion.  On  the  other  hand,  the  attractive  . 
force,  taking  the  arc  a  for  the  chord,  which  we  have  thought  we 

could  do  without  sensible  error,  is  —,=111  (c— a);  m  being  for  all  arcs 

a  constant  co-efficient,  which  depends  on  the  instrument.  Now  it  is 
easy  to  see  that  this  equality,  which  amounts  to  F=wca*  — ma^, 
is  not  always  possible ;  for  f  can  be  neither  null  nor  negative. 
By  putting  this  expression  under  the  form  of  ma^  {c—d), 
we  may  remark  that  it  commences  to  increase  from  0°,  that  is, 
froma=c,  in  proportion  as  c— a  increases;  but  it  attains  its 
limit  at  a  certain  value  of  a.  To  have  the  greatest  value  of 
which  it  is  susceptible,  we  must  differentialise  the  expression  in 
respect  to  the  value  a,  and  make  the  difierential  co-efficient  equal 


Fig.  2. 


toO. 


We  thus  obtain,  2  mca-Sma'^=Oi  whence  «  =  ««• 


Thus, 


VOL.  I. 
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F  2  4 

-7  has  its  maximum  value,  when  a=-2^c,  and  this  value  is  ;r;L  mc*. 
D*  3  27 

Consequently,  every  time  -^  exceeds  this  value,  tension  can  no 

longer  make  equilibrium  with  attraction,  and  the  balls  wiU  neces- 
sarily come  into  contact    It  is  necessary,  therefore,  to  take  care 
that  .the  distance  d  or  the  arc  a  is  never  less  than  f  the  arc  c,  to 
which  the  (f*  of  torsion  has  been  driven  from  the  0^  of  the  division 
that  serves  as  a  starting  point  to  the  measure  of  the  arcs.     Thus, 
to  make  the  experiment  is  a  very  delicate  matter,  seeing  that  the 
slightest  oscillation  of  the  needle,  which  renders  the  arc  a  less 
than  f-  of  c,  would  determine  the  movable  ball  to  throw  itself 
upon  the  fixed  ball,  and  would  consequently  nullify  all  the  results. 
We  shall  not  terminate  this  note  without  adding  that  M.  Mari^ 
Davy,  by  new  experiments  made  with  great  care,  has  just  confirmed 
Coulomb's  law,  which  was  rendered  doubtful  by  Sir  William  Snow 
Harris's  experiments.     Only  he  has  found  that,  in  order  for  it  to 
be  true  for  two  spheres,  it  is  necessary  that  their  distance  should 
exceed  nine  or  ten  times  their  radius,  which  shows  that,  for 
physical  points,  whose  extent  is  very  small,  we  have  at  all  distances 
the  inverse  of  the  square ;  that,  consequently,  this  law  is  the  ele- 
mentary law  of  electrical  repulsions  and  attractions,  with  which 
indeed  all  the  results  of  M.  Mari6   Davy  are  in   accordance. 
The  same  philosopher  has  also  found  that,  in  order  that  the  electric 
balance  shall  give  good  results,  it  is  necessary  to  employ  metal 
discs  rather  than  balls  of  pith  or  cork,  and  to  combine  the  experi- 
ments, as  Coulomb  did,  so  that  the  discs  may  be  maintained 
at  the  same  distance,  and  that  the  torsion  alone  may  vary. 

NOTE  B-  (p.  103.) 

IiTole  relative  to  Disguised  Electricities. 

Let  e  be  the  quantity  of  electricity  with  which  the  disc  of  the 
condenser  is  naturally  charged,  that  is,  in  communication  with  - 
the  source  of  electricity,  when  this  disc  is  insulated  and  not 
subject  to  any  induction.  This  quantity  depends  upon  the  extent 
of  the  surface  of  the  disc,  and  on  the  electric  re-action  of  the 
source.  Let  a  be  the  total  quantity  of  electricity,  in  part  free,  in 
part  disguised,  with  which  this  same  disc  is  charged,  when  under 
the  induction  of  a  similar  disc  brought  as  near  to  it  as  possible, 
but  not  in  contact  with  it,  and  which  is  put  in  communication 
with  the  ground.    Let  A^  be  the  quantity  of  electricity  disguised 
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bj  this  induction.  We  have  evidently  A— a^^e^  since  the  dis- 
guised electricity  does  not  prevent  the  disc  from  becoming 
charged  with  the  same  quantity  of  free  electricity  that  it  would 
have  taken  had  it  not  been  subject  to  any  induction.  The  second 
disc  has  a  quantity  of  electricity  contrary  to  that  of  a,  which 
may  be  expressed  by  b  :  as  it  arises  from  the  decomposition  of 
the  natural  electricity  of  the  second  disc,  brought  about  by  the 
induction  of  the  firsts  the  quantity  b  is  naturally  less  than  A; 
namely,  the  positive  electricity  of  the  first  disc,  if  added  to  the 
negative  electricity  of  the  second,  would  not  form  neutral  fluid, 
but  there  would  be  an  excess  of  positive,  more  or  less  considerable, 
according  to  the  mutual  distance  of  the  two  discs.  Suppose, 
therefore,  that  b  can  neutralise  only  mx  instead  of  a,  m  being 
less  than  1 ;  we  shall,  therefore,  have  mA-i-B=0.  Now,  in  its 
turn,  B  of  the  second  disguises  the  quantity  Af  of  the  electricity 
of  the  first;  we  shall,  therefore,  equally  have,  since  the  second 
effect  occurs  between  the  two  same  discs  and  the  distance  has  not 
changed,  A'+mB=0.  By  replacing  b,  in  this  second  equation, 
by  its  value  drawn  from  the  first,  we  shall  have  A^=m^A;  and 

E         1  A 

A— a',  namely  b=a(1— m');  finally,  -  =  | s.       -  expresses 

A       1  —fll  E 

the  relation  between  the  total  quantity  of  electricity  with  which 
the  first  disc  is  charged,  when  under  the  influence  of  the  second, 
and  the  quantity  with  which  it  is  charged  naturally,  when  out  of 
this  influence.  This  quantity  expresses,  therefore,  the  effect  of 
this  induction,  or  the  condensing  power. 

The  value  of  m  depends  on  the  degree  of  approximation  of  the 
two  discs.  If  they  could  be  in  immediate  contact,  still  remaining 
electrically  insulated  from  each  other,  so  that  the  two  electricities 
could  not  neutralise  each  other,  we  should  have  m=  1 ;  and  then 

the  condensing  power  would  be  ^  that  is  to  say,  infinite.    But  it 

is  easy  to  see  that  this  case  cannot  be  realised ;  there  must  always 
be  an  insulating  stratum  between  the  two  discs;  and,  however 
thin  it  is,  its  thickness  is  never  nothing ;  but  the  less  the  thick- 
ness is,  the  greater  is  the  condensing  power.    If,  for  example,  it 

QQ 

is  such  that  *>^=^TKr^  we  have 

1  1  1  10000     -^ 

-=ou, 
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by  substituting  200  for  199,  which  may  be  done  without  sen- 
sible error.  The  condensing  power  would  therefore  be  equal  to 
50;  that  is  to  say,  the  disc  in  communication  with  the  source 
would  become,  bj  the  mere  fact  of  the  induction  exercised  upon 
it  by  the  second  disc,  capable  of  becoming  charged  with  fifty 
times  more  electricity  than  it  could  have  acquired  had  it  been  in 
communication  with  the  same  source,  without  being  under  the 
influence  of  the  second  disc 

In  order  to  determine  m  experimentally  with  a  given  con* 
denser,  we  charge  it  with  electricity;  we  then  separate  the  two 
discs,  taking  care  that  they  do  not  lose  their  electric  charge.  We 
touch  the  first  with  the  proof  plane  of  the  torsion  balance,  and  on 
carrying  the  plane  to  the  balance,  we  obtain  an  angle  of  torsion 
a,  which  is  proportional,  as  we  know,  to  the  total  charge  of  the 
disc,  namely  to  a.  We  have,  therefore,  ii=nA,  n  being  a  fraction 
smaller  than  unity.  We  do  the  same  with  the  second  disc, 
charged  with  the  contrary  electricity,  b  ;  we  have,  therefore,  an 
angle  6=nB,  provided  we  take  the  precaution  to  touch  this  disc 
in  a  point  placed  in  a  similar  manner  to  the  point  that  had  been 
touched  of  the  first  disc.  It  is  essential  to  remark  that  the  two 
discs  are  in  all  respects  perfectly  similar,  of  the  same  size,  the 
same  form,  &c.     We  have,  therefore,  a=nA  and  6=nB;  therefor^ 

b     B 
a    A 

When  we  are  considering  a  Leyden  jar,  whose  insulating 
stratum  is  very  thick,  since  it  is  a  plate  of  glass,  the  quantity  m 
is  far  removed  from  unity,  and  b  is  much  smaller  than  ▲.  Also, 
when  we  unite  the  two  coatings  of  the  jar,  in  order  to  produce 
the  discharge,  or  the  neutralisation  of  the  two  electricities,  there 
remains,  after  this  discharge  has  taken  place,  a  considerable 
quantity  of  electricity  in  the  coating  that  had  been  in  communi- 
cation with  the  source.     We  may  easily  calculate  this  quantity  by 

remembering  that  a=5 =,  and  B=zmx^' =•    After  the  dis- 

1— «i*  1 — tn* 

charge,  there  remains  therefore  on  the  coating  that  had  been 

charged  with  the  quantity  a,  a  quantity  a— b,  or 

E  wtE   ._    (1  — m)__     B 

l-m«     l-»i2"®  l-in«~l  +  iii' 
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NOTE  C.  (p.  179.) 
Note  relative  to  ike  measure  of  Magnetic  Forces. 

Wk  have  said  that  there  are  two  modes  of  measuring  magnetic 
forces ;  the  first,  based  upon  the  employment  of  the  torsion  balance ; 
the  second,  upon  the  principle  of  oscillations.  In  either  method  we 
must  take  into  account  the  action  of  the  terrestrial  globe,  which 
contributes,  independently  of  the  force  whose  intensity  we  are 
measuring,  to  the  total  effect  given  by  direct  observation.  This 
action  of  the  terrestrial  globe,  in  fact,  is  exercised  upon  the  mag- 
netised needle  according  to  laws  susceptible  of  being  subjected  to 
rigorous  calculation,  of  which  the  present  note  is  intended  to  give 
a  summary  description,  and  the  results  of  which  will  not  only 
serve  for  the  demonstration  of  the  principles  that  we  have  already 
implicitly  admitted,  but  will  be  indispensable  to  us  in  the  sequel  in 
the  study  that  we  shall  be  called  upon  to  make  of  terrestrial  mag- 
netism. We  shall  divide  this  note  into  three  parts: — 1st.  The 
general  expression  of  the  effect  of  terrestrial  magnetism  upon  a 
needle  in  equilibrium ;  2d.  Law  of  the  movement  of  the  needle 
when  it  is  deranged  from  its  position  of  equilibrium,  but  enabled 
to  turn  around  its  centre  of  gravity,  still  remaining  in  the  plane 
of  the  magnetic  meridian ;  3rd.  Law  of  this  movement,  when  the 
needle  goes  out  of  the  plane  of  the  magnetic  meridian. 

§  1.   General  expression  of  the  effect  of  terrestrial  magnetism 
upon  the  needle  in  equilibrium  in  the  magnetic  meridian. 

We  will  suppose  {Fig.  3.)  a  magnetised  needle,  ab,  of  any 

form,  suspended  by  its  centre  of 
gravity.  Let  fi  be  the  quantity 
of  free  magnetism  in  one  of  its 
points,  for  example  in  m;  this 
point  will  be  attracted  by  forces 
arising  from  the  north  pole  of  the 
earth,  and  will  be  repelled  by 
those  arising  from  the  south  pole ; 
_    ^  the  former  will  act  in  the  direction 

MA,  and  the  latter  in  the  direc- 
tion MB.  These  two  forces  will  themselves  have  a  resultant,  hb, 
situated  in  the  plane  formed  by  their  directions  ;  we  will  call  this 

K  M    3 
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resultant  ^,  in  order  not  to  confound  it  with  ^,  which  expresses 
the  force  of  gravity ;  the  total  effect  on  the  point  h  will  therefore 
be  expressed  by  the  product  /i^.  Each  of  the  other  points  of 
the  needle  will  therefore  be  solicited  bj  a  same  force  ^,  since  the 
resultant  of  the  magnetic  forces  of  the  globe  cannot  vary  in  the 
small  extent  that  is  occupied  bj  the  length  of  the  needle  ;  fx  only, 
namely  the  quantity  of  free  magnetism,  varies  from  one  point  to 
the  other.  The  general  expression,  therefore,  of  the  effect  upon 
each  point  will  be  g^fidm,  dm  representing  the  element  of  mass 
for  which  fi  does  not  vary. 

We  may  remark  that  all  the  resultants  of  the  magnetic  force  of 
the  globe,  represented  by  g',  are  parallel ;  consequently,  all  the 
forces  g'fidm  are  parallel  to  each  other,  and  their  general  resultant 
is  equal  to  their  sum.  Expressing  this  sum  by  s,  we  shall  have 
the  general  resultant  equal  to  sg/'fidm.  But  Sftdm,  in  this 
expression,  represents  the  sum  of  the  free  magnetisms  in  each  of 
the  points  of  the  needle.  Now,  as  there  are  as  many  south  mag- 
netisms as  there  are  north  magnetisms,  and  as  a  certain  quantity  of 
south  magnetism  neutralises  an  equal  quantity  of  north  magnet- 
ism, the  sum  Bfxdm  must  be  equal  to  0;  and,  consequently,  the 
general  resultant  g'Sfidm  must  be  null.  This  result  indicates  that, 
when  a  needle  has  taken  such  a  direction  as  the  sum  of  the  forces 
of  terrestrial  magnetism  tends  to  impress  upon  it,  these  forces  can- 
not impress  upon  it  any  motion  of  translation  in  space.  Experi- 
ment confirms  this :  for  a  steel  needle  does  not  increase  in  weight 
by  the  effect  of  magnetisation ;  and,  if  it  is  arranged  as  indicated 
in  Fig.  76.  p.  184.,  it  directs  itself  just  as  if  it  had  been  suspended 
immediately  by  its  centre,  without  having  been  carried  either 
forwards  or  backwards. 

§  2.  Laws  of  the  movement  of  the  needle^  when  compelled  to 
move  around  its  centre  of  gravity  in  the  plane  of  the 
magnetic  meridian. 

The  needle  whose  movement  will  next  engage  our  attention  is 
what  has  been  called  the  dipping-needle  {Fig,  74.  p.  161.).  We 
represent  it  by  a  simple  right  line,  although  in  reality  it  is  com- 
posed of  several  parallel  right  lines ;  but  it  is  easy  to  see  that  the 
real  case  may  be  reduced  to  the  hypothetical  elementary  case. 
Let  ab  {Fig,  4.)  be  this  needle ;  let  mb  be  the  resultant  g'  of  the 
forces  of  terrestrial  magnetism,  necessarily  comprised  in  the  plane 
of  the  magnetic  meridian,  and  whose  direction  forms  with  the 
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Fig.  4, 


vertical  an  angle  ^  constant  for  the  place  of  obserration,  and  for 
a  given  time.     Supposing  the  needle  suspended  bj  its  centre  of 

gravity^  the  resultant  ^  tends  to  de- 
stroy its  horizontalitj,  and  to  give  it 
an  inclination,  which,  in  our  hemi- 
sphere gives  the  branch  that  is  di- 
rected  towards  the  north,  namely 
that  wherein  we  suppose  the  point  m 
to  be  situated,  a  tendency  to  incline 
toward  the  earth.  In  Itg*  4.  the 
needle  ab  is  no  longer  represented 
as  horizontal ;  and,  in  order  to  ascer* 
tain  the  direction  that  it  will  assume,  we  decompose  the  resultant 
^^  or  MB  into  two  components;  one,  hp,  drawn  perpendicularly 
to  the  direction  of  the  needle,  the  other  drawn  in  the  same  direc* 
tion  as  the  length  of  the  needle.  The  first  is  evidently  the  only 
one  that  contributes  to  cause  the  needle  to  turn,  and  it  is  equal  to 
ff'  COS.  PHR;  and  by  letting  z  represent  the  variable  angle  formed 
by  the  needle  with  the  vertic^  we  have  PMz'=9(y*— z;  and 
PMEs=90°— 2f+i;  or  COS.  PMR,  or  COS.  (9(y*— 2!+«)  =  sin.  («— t)s 
so  that  the  perpendicular  component  will  become  equal  to 
^  sin.  (z—i) ;  and  the  action  exercised  upon  the  point  m  is 
fiff^  sin.  (^— t))  supposing  that  at  this  point  there  is  /f  of  free  magne- 
tism. In  order  to  obtain  the  real  effect  of  its  force,  or  its  movement 
around  the  centre  of  suspension  c,  we  must  multiply  its  expression 
by  the  distance  r  from  m  to  c,  which  gives  /xr^^sin.  («— t).  Now, 
z—i  is  the  angle  formed  by  the  direction  of  the  resultant  with 
that  of  the  needle,  which  shows  that  the  force  which  causes  the 
point  M  to  turn  is  analogous  to  that  which  draws  back  each  of  the 
points  of  a  pendulum  to  the  vertical :  which,  when  this  pendulum 
is  drawn  out  from  the  vertical  to  an  angle  a,  is  equal  to  g  sin.  a,  g 
being  the  force  of  gravity;  and  its  momentum  is  ^r  sin.  a,  r 
being  the  distance  of  the  extremity  of  the  peudulum  from  its 
centre  of  suspension. 

In  order  to  obtain  the  effect,  not  only  upon  the  point  m,  but  on 
the  whole  extent  of  the  needle,  it  is  necessary  to  consider  each  of 
its  halves  separately,  or  each  of  the  two  arms  of  the  lever  ca  and 
cb.  The  sum  of  the  moments  for  each  will  be  Sjur^sin.  (^— t); 
but  ff^nn,(z^t)  is  a  quantity  that  does  not  change  in  passing 
from  one  point  to  another,  or  may  therefore  be  regarded  as  con- 
stant ;  and  the  expression  become  ^  sin.  {z-^i)8/jLrdm. 
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s  fir  dm  must  be  obtained  separately  for  each  of  the  halves  of 
the  needle :  for  the  magnetisms  in  the  two  halves  are  contrary 
and  equal,  and  if  one  tends  to  make  the  needle  descend,  the  other 
tends  to  make  it  ascend ;  so  that  the  effects  are  added  together  in 
order  to  make  it  turn.  Let  us  call  the  two  sums  s'  and  8^^ ;  we 
obtain,  for  the  total  momentum,  by  which  the  needle  is  actuated, 
^(s'+s'^)  sin.  («— i) ;  an  expression  that  becomes  null  when  «=t; 
namely,  when  the  direction  of  the  needle  coincides  with  the  re- 
sultant of  the  magnetic  forces  of  the  earth.  Thus,  so  long  as  the 
needle  is  out  of  this  position,  it  is  solicited  to  return  to  it,  and  it 
does  return  to  it  by  oscillating  from  one  side  to  the  other,  about  the 
direction  of  its  fixed  inclination,  until  its  momentum  is  destroyed 
by  the  resistance  of  the  air  and  the  inertia  of  suspension.  These 
oscillations  of  the  needle  are  perfectly  analogous^  and  are  subjected 
to  the  same  laws  as  are  those  executed  by  a  pendulum  when 
drawn  from  the  vertical,  in  order  to  return  to  it  by  virtue  of  its 
gravity.  In  fact,  the  terrestrial  magnetic  forces  that  solicit  the 
divers  points  of  a  needle,  have  directions  parallel  to  each  other 
like  the  forces  of  gravity ;  and  like  as  those  forces  have  a  resultant 
that  is  applied  to  a  point  which  is  the  centre  of  gravity  of  the 
body,  there  exists  for  each  part  of  the  needle  in  which  a  similar 
kind  of  magnetism  resides,  a  magnetic  centre,  to  which  we  may 
suppose  all  the  magnetic  force  of  the  earth  applied*  It  ia  true, 
that  here  the  magnetic  forces  are  not  all  equal  to  each  other, 
since  /i,  which  enters  as  a  factor  into  the  expression  fig^dmy 
varies  from  one  point  of  the  needle  to  another,  but  this  circum- 
stance makes  no  change  in  the  analogy  that  we  have  established ; 
for  the  existence  of  centres  of  gravity  does  not  depend  upon  the 
equality,  but  upon  the  parellelism  of  the  forces  of  gravity.  We 
may  therefore  calculate  the  position  of  the  point  of  application  of 
the  resultant  of  the  magnetic  forces,  as  we  calculate  the  place  of 
the  centre  of  gravity  in  a  heavy  body.  The  distance  of  these 
points  from  the  centre  of  suspension  of  the  needle  will  be,  for 
each  of  the  halves  of  the  needle,  equal  to  the  sum  of  the  mo- 
mentums  divided  by  the  sum  of  the  forces;  that  is  to  say,  by 

-^^7 — .    s/jidm  is  not  null  here,  since  it  is  relative  to  only  each 

of  the  halves  of  the  needle. 

It  follows  from  what  has  been  said  that,  like  as  intensities  of 
gravity  are  measured  from  the  duration  of  very  small  oscillations 
made  by  a  pendulum  around  the  vertical,  those  of  the  magnetic 
forces  of  the  terrestrial  globe  may  be  measured  by  the  duration  of 
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oscillations  made  around  its  normal  direction  bj  a  dipping-needle 
placed  in  the  magnetic  meridian ;  and  if,  for  the  same  needle,  this 
duration  varies  from  one  place  to  another,  we  maj  conclude  that 
the  intensities  of  terrestrial  magnetism  varj  proportionately  to 
the  square  of  the  number  of  oscillations  made  bj  the  needle  in  a 
given  time,  or  inversely  to  the  square  of  the  time  of  oscillations. 

In  fact,  in  the  formula  of  the  compound  pendulum  t*  = , 

we  must  put  in  place  of  ^  the  quantity^'  (s'+s'Q,  which  expresses 
the  sum  of  the  magnetic  forces  of  the  globe  acting  upon  the  whole 

length  of  the  needle ;  and  we  obtain  t* = -7-7-7-7— :a-    For  another 

place  of  the  earth,  we  should  obtain  t^^=  ,^,  , — —.  for  the  same 

y   \S  +8  ) 
needle,  s^  and  s'^  not  changing  ;  for  thej  represent,  for  each  of  the 
branches  of  the  needle,  the  sum  s/ir^f  m,  which  is  constant  for  the 
same  needle  whose  magnetism  is  invariable. 

From  the  above  two  equations  we  derive  -72=^  >  or,  bj  letting 

N  and  N^  represent  the  number  of  oscillations  made  in  a  given  time, 

It  would  now  be  easy,  by  making  a  needle  oscillate  under  the 
influence  of  a  force  that  is  not  terrestrial  magnetism,  and  then 
under  the  influence  of  terrestrial  magnetism  alone,  to  take  account 
of  this  latter  influence,  and  consequently  to  obtain  the  value  of 
that  of  the  given  force.  But  the  employment  of  the  dipping 
needle  presents  many  inconveniences,  the  principal  of  which  are, 
the  difficulty  of  placing  the  needle  accurately  in  the  magnetic  me- 
ridian; and  especially  the  impossibility  of  obtaining  a  mode  of 
suspension  sufficiently  delicate  for  the  apparatus  to  be  very  sen- 
sible. In  fact,  the  needle  is  compelled  to  move  around  a  horizon- 
tal axis,  passing  through  its  centre  of  gravity,  the  two  extremities 
of  which  rest  on  two  knife  edges ;  a  system  that  presents  con- 
siderable friction,  whatever  precautions  may  be  taken.  There 
is  an  advantage,  therefore,  in  estimating  the  value  of  magnetic 
forces,  to  employ,  as  much  as  possible,  the  horizontal  declination 
needle,  whose  mode  of  suspension  may  be  as  delicate  as  possible, 
rather  than  the  dipping-needle ;  and  although,  in  most  cases,  the 
result  of  observation  gives  less  directly  the  measure  of  the  effect 
that  we  desire  to  estimate,  as  we  shdl  see,  yet  we  may  equally 
obtain  it  by  a  slight  transformation  in  the  formula. 


Digitized  by 


Google 


638 


NOTES. 


§  3.  Lawi  of  the  movement  of  the  needle  when  it  is  set  in  matUm  aui 
of  the  magnetic  meridian. 

Let  a  b  {Fig.  5,)  be  the  needle,  and  hb  the  resultant  of  the 
magnetic  forces,  at  the  point  m  ;  as  this  resultant  is  parallel  to  the 


plane  of  the  magnetic  meridian,  and  as  a  6  is  no  longer  in  this 
plane,  mb  is  not  in  the  same  vertical  plane  as  ah.  We  decompose 
the  force  ub  or  ^  into  two ;  the  one  Mz^  or  z  vertical ;  the  other, 
HH^  or  H  horizontal  and  parallel  to  the  plane  of  the  magnetic 
meridian.  The  first  will  be  equal  to  ^  cos.  t ;  and  the  second,  to 
g'  sin.  t,  t  still  representing  the  angle  bmz^  formed  by  the  resultant 
MB  with  the  vertical.  Let  us  now  decompose  the  force  h,  which, 
eqnallj  with  bh,  is  oat  of  the  vertical  plane  that  contains  the 
needle  ahy  into  two  others,  one  h'^p  or  t  perpendicular  to  this 
plane,  the  other  MP  or  x  directed  horizontally  in  this  plane ;  by 
letting  a  represent  the  angle  formed  by  the  vertical  plane  in  which 
the  needle  is  situated  with  the  plane  of  the  meridian,  we  shall  have 
Y=H  sin.  a  and  x=h  cos.  a;  in  which,  by  substituting  for  H  its 
value,  we  shall  have  x=/  sin.  t  cos.  a,  and  t=:/  sin.  t  sin.  a  ;  and 
we  have  already  z  =^cos.  L  This  is  the  system  of  the  three  forces 
acting  upon  the  needle. 

Let  us  examine  successively  what  occurs  in  the  case  in  which 
the  magnetised  needle  is  a  dipping-needle,  whose  suspension  is 
such  that  it  does  not  allow  it  to  go  out  of  its  azimuth,  and  in  the 
case  in  which  this  needle  is  a  declination  needle, -free  to  place 
itself  in  any  azimuth,  but  always  maintained  in  a  horizonti^  di- 
rection, by  a  counterpoise  fixed  upon  its  south  branch. 

a.  The  Dipping-needle. — In  the  dipping-needle,  suspended  so 
as  not  to  be  able  to  move  out  of  its  azimuth,  the  force  t  that 
acts  perpendicularly  to  this  azimuth,  in  order  to  bring  it  back  to 
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the  plane  of  the  magnetic  meridian,  when  it  is  moved  ont  of  it, 
is  destrojed  bj  the  resistance  of  the  axis.  There  remain,  there- 
fore, onlj  the  other  two  forces,  which  have  a  resultant  R,  so  that 
B^=:x^+z^,  since  the  two  components  are  perpendicular  to  each 

other;  but  -=tang. t^  t'  being  the  angle  which  their  resultant 

(which  naturally  is  not  the  same  as  that  of  the  three  forces  x,  z,  and 

T,  namely,  hr)  forms  with  the  vertical ;  now,  substituting  their  value 

for  X  and  2,  we  obtain,  R*=^  sin.*  i  cos.*  «+/*  cos.*  i;  which  gives 

R=^  ^cos.*t+sin.*i  cos.*  a,  or  B=^cos.t  ^1-f  tang.*t  cos.*  a, 

,,    X      . 
and  tang,  x'^^^g  tang,  t  cos.  a. 

z 

It  follows  from  these  formulae,  that  the  intensity  of  the  force 
which  solicits  each  of  the  points  of  the  dipping-needle,  when 
moved  out  of  the  plane  of  the  magnetic  meridian,  diminishes  in 
proportion  as  it  is  removed  from  this  meridian  ;  for  it  diminishes 
in  proportion  as  the  angle  a  increases,  which  is  formed  with  the 
meridian  by  the  azimuth,  in  which  it  is  placed.  Indeed,  the 
greater  a  is,  the  smaller  does  the  cos.  a  become.  The  greatest 
value  of  the  force  occurs  when  a=0,  and,  consequently,  when 
COS.  a=  1 ;  which  gives  R=^  cos.  i  ^/\  +  tang.*»=:^v'cos.*t-|-8in.*^ 
namely,  R=^,  which  should  be  the  case,  since,  when  as=0,  the 
needle  is  in  the  plane  of  the  meridian.  The  smallest  value  occurs 
when  a =90°;  then,  cos.a=0,  andR=^cos.t;  this  occurs  when 
the  azimuth  of  the  dipping-needle  is  perpendicular  to  the  plane  of 
the  magnetic  meridian. 

It  is  not  only  the  value,  but  also  the  direction  of  the  force  R, 
that  varies  with  the  value  of  the  angle  a ;  in  other  words,  the 
dipping-needle  changes  its  direction  when  its  azimuth  is  changed. 
First,  in  the  plane  of  the  magnetic  meridian,  in  which  a  is  null, 
and  COS.  aa  1,  we  have  tang.  t^=tang.  i;  whence  i^^  %  ;  which  should 
be  the  case,  since  the  resultant  of  x  and  of  z  is  the  same  as  that 
of  X,  Zj  and  t,  namely,  the  resultant  rm  of  the  magnetic  forces  of 
the  globe.  We  may  remark,  also,  that  it  is  in  the  plane  of  the 
magnetic  meridian,  that  the  dipping-needle  forms  the  greatest 
angle  with  the  vertical,  or,  which  comes  to  the  same  thing,  in- 
clines the  least  below  the  horizontal  ;  for  the  greatest  value  of  t', 
corresponding  to  cos.  a=l,  is  to  be  equal  to  t.  When  the 
dipping-needle  is  placed  in  a  plane  perpendicular  to  the  magnetic 
meridian,  a=90°,  and  cos.  ii=:0;  hence,  tang.  t=0,  namely  the 
direction  of  the  resultant  makes  no  angle  with  the  vertical,  or, 
which  comes  to  the  same  thing,  coincides  with  it    This  last 
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result  furnishes  a  very  simple  means  for  determining  the  plane  of 
the  magnetic  meridian  with  the  dipping-needle  alone,  without  the 
necessity  of  having  recourse  to  the  declination  needle.  In  fact, 
we  have  only  to  find  the  azimuth,  in  which  the  needle  holds  itself 
exactly  vertical ;  then,  by  removing  90®  from  this,  we  have  the 
plane  of  the  meridian,  and  are  able,  consequently,  to  determine 
the  dip,  by  placing  the  needle  in  this  plane. 

By  means  of  the  value  of  tang,  t,  we  may  also  determine  the 
meridian  dip  i'  in  an  indirect  manner ;  a  method  that  is  constantly 
employed,  in  order  to  verify  the  result  of  direct  observation.  For 
this  purpose,  we  have  merely  to  observe  i^  in  any  two  azimuths, 
forming  between  them  a  right  angle;  in  fact,  let  us  designate 
by  t'  and  t''  the  two  observed  angles,  we  shall  have 

tang.  i'=tang.  i  cos.  a, 
and  consequently       tang.  t"=tang.  i  (90— a)=tang.  i  sin.  a; 
whence  tang.*  t  (cos.*  a  +  sin.*  a)  =  tang.*  «'-f  tang.*  t"; 

whence  tang.  t=  ^/  tang.*  »'-|-tang.*  i'\ 

By  this  process,  we  may  multiply  the  observations  in  different 
planes,  and,  by  taking  a  mean  between  them,  may  reduce  the 
errors  of  partial  observations. 

With  regard  to  oscillations,  all  that  we  have  said  in  reference 
to  those  which  are  produced  by  the  resultant  ^  in  the  magne- 
tic meridian,  are  equally  applicable  to  the  oscillations  produced 
by  the  resultant  b  of  the  two  forces  x  and  z,  in  any  plane  in 
which  the  needle  is  forcibly  directed.  Only  the  force  g^  becomes 
^  COS.  t'Vl  +tang.*  i  cos.*  a,  a  factor,  which  contains  only  constant 
terms,  so  long  as  the  needle  remains  in  the  same  azimuth. 

b.  Declination  Needle, — We  have  said  that,  whenever  it  is 
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of  the  needle,  they  have  no  influence  to  cause  it  to  change  its 
azimutli ;  and  the  directive  force,  therefore,  is  only  expressed  hy 
T.  In  order  to  ohtain  its  total  effect  upon  the  needle,  we  must 
multiply  hy  fi,  the  quantity  of  free  magnetism  at  the  point  upon 
which  it  acts,  by  dm^  the  element  of  the  mass,  and  by  z^  the 
length  of  the  arm  of  the  lever,  at  the  end  of  which  it  acts  per- 
pendicularly; which  gives  as  the  momentum  ^'  sin.  i  sin.  a  fxrdm^ 
by  putting  in  place  of  t  its  value  found  above :  but  this  expression 
is  only  relative  to  the  momentum  of  a  single  point,  making,  there- 
fore, the  sum  of  all  these  momentums  for  all  the  points  of  the 
needle,  we  have  ^sin.  t  sin.  as^rdm;  and  by  taking  the  sum 
separately  for  each  of  the  halves,  we  obtain  as  an  expression,  of 
the  total  momentum  that  is  acting  upon  the  needle,  ^^  (s^+ 8^0 
sin.  i  sin.  a. 

In  this  expression  there  is  only  sin.  t  that  varies  when  the 
azimuth  in  which  the  needle  is  placed  is  changed.  Thus  we 
shall  arrive  at  the  law  that  we  have  already  found  by  experiment, 
namely,  thcU  the  force  which  tends  to  bring  back  the  needle  into 
the  magnetic  meridian^  when  it  is  withdrawn  from  it,  is  propor 
tional  to  the  sine  of  the  angle  that  the  new  vertical  plane  in  which 
it  is  situated  makes  with  the  plane  of  the  magnetic  meridian. 

It  only  remains  for  us  to  examine  what  is  concerned  in  the 
method  of  oscillations  applied  to  the  horizontal  needle.  In  order 
to  observe  them  with  precision,  we  must  suspend  the  needle 
horizontally  to  one  or  more  cocoon  threads  arranged  parallel,  so 
that  their  torsion  may  be  insensible  ;  then,  on  withdrawing  the 
needle,  however  little,  from  the  meridian,  we  abandon  it  to  the 
action  of  the  horizontal  forces  that  are  acting  upon  it.  The 
vertical  force  z  is  here  destroyed,  as  in  the  preceding  case  ;  but 
the  needle,  by  this  mode  of  suspension,  being  no  longer  subject  to 
turn  only  around  its  centre,  the  force  x,  which  acts  in  the  direction 
of  its  length,  contributes  to  its  movement  as  well  as  t,  which  acts 
perpendicular  to  the  plane  in  which  it  turns.  Now  the  resultant 
of  the  two  horizontal  forces  is,  as  we  have  seen,  11=1  g'  sin.  i. 
We  have,  therefore,  only  to  replace  ^  hy  ^  sin.  ^  in  the  formula 
drawn  from  that  of  the  pendulum,  in  order  to  express  the  number 
and  the  time  of  the  oscillations  for  the  dipping-needle,  situated  in 
the  plane  of  the  magnetic  meridian.  Now  sin.  iy  for  the  same 
place  and  the  same  time,  is  as  constant  as  g\  which  is  the  same  as 
saying  that  the  inclination  of  the  magnetised  needle  may  be 
regarded  as  constant  in  the  same  place,  as  well  as  terrestrial 
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magnetism,  at  least  within  the  certain  limits  of  time,  that  are 
more  than  sufficient  for  observations ;  it  follows  from  this,  that 
the  substitation  of  the  constant  ^  sin.  t  for  the  constant  g\  does 
not  in  any  way  change  the  conclasions  that  may  be  deduced  from 
the  experiments,  and  that  we  may  draw  the  same  results  from  the 
observation  of  the  number  of  oscillations,  by  employing  the  hori- 
zontal instead  of  the  dipping-needle,  since  the  relations  only  are 
concerned,  in  which  the  absolute  and  constant  intensity  of  the 
force  arising  from  terrestrial  magnetism  disappears.  See  in  this 
respect  (pp.  182.  and  187.)  the  application  that  we  have  made  of 
the  method  of  oscillations  of  the  horizontal  needle  for  the  deter- 
mination of  the  laws  of  distance,  and  the  distribution  of  magnetic 
forces  in  a  magnetised  bar. 

NOTE  D.  (p.  186.) 

Demonstration  of  the  Law  of  the  Inverse  of  the  Sgttare  of  the 
Distance^  by  Calculadon  of  Magnetic  Curves.* 

Settikq  out  from  the  form  of  magnetic  curves  observed  by 
Dr.  Boget,  we  are  about  to  show  that  the  action  of  each  of  the 
poles  of  a  magnetised  bar  upon  those  which  are  determined  by 
induction  in  a  particle  of  iron  filings,  varies  in  inverse  ratio  with 
the  square  of  their  distance. 

Let  A  and  b  represent  the  two  poles  of  a  magnet,  of  a  contrary 
or  of  the  same  name,  between  which  the  magnetic  curve  is  formed ; 
and  let  us  first  seek  the  equation  of  the  latter  of  these,  in  respect 
to  two  rectangular  axes  drawn  in  its  plane.  Let  m  represent  any 
one  of  its  points,  whose  co-ordinates  will  be  a^  y;  let  the  line  ab 
represent  the  axis  of  Xy  its  origin  being  in  the  middle  o,  the 
positive  X  being  calculated  on  the  side  oa,  and  the  positive  y  on 
the  side  of  the  curve. 

Let  h  represent  the  length  oa=ob,  r,  r^  the  distances  am,  bic, 
and  ^  i'  the  angles  mab,  mba  ;  finally,  let  fall  from  ic  upon  ab  the 
perpendicular  mp.  We  have,  evidently,  ap=ah  cos.  MABsr 
COS.  i;  on  the  other  hand,  ap  =  ao~op=A— rr^  consequently 

COS.  t  =  -^^  ;  in  like  manner,  we  shall  find  cos.  t'=  -— r- .    Ac- 

T  T 

cording  to  Mr.  Barlow's  first  law  we  have,  in  the  whole  extent  of 
the  curve,  cos.  t +  cos.  t^= const,  taking  the  upper  or  the  lower 

*  This  note  was  fhrnished  to  me  by  Bl  Ch.  Cellerier ;  and  is  now  pab- 
luhed  fox  the  first  time. 
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>  line,  according  as  the  poles  a  and  b  are  of  a  contrary  or  of  the 

>  same  name.    By  substituting  the  above  values  for  cos.  t,  cos.  t^, 
K       'we  shall  find  the  equation  of  the  curve, 

*  h—x  .  A+a? 

,  ^ 7-=  const. 

'       Here  r  and  t^  are  put  in  place  of  their  values, 

I  ''^V  Ap4-iiP=v^(A-ar)2-|-y«  5  *^  =  V^(A+a?)«^-y«• 

■  Now,  let  A^B^  be  the  poles  of  a  particle  of  filings  situated  at  m  ; 

^        Af  being  of  the  same  name  as  a.     The  resultant  of  the  actions  of 
i        A  and  b  upon  A^,  and  that  of  their  actions  upon  the  very  neigh- 
(        bearing  point  b^,  will  evidently  be  two  equal  forces,  but  in  con- 
trary directions ;  their  common  direction  is  that  which  will  be 
assumed  by  the  particle  a^b''^  if  it  is  free  to  move.    It  will  there- 
fore be  tangent  to  the  curve  formed  by  several  particles,  when 
adhering  to  each  other,  by  poles  of  the  contrary  name;  for  the 
little  right  line  a^b^  is  then  an  element  of  this  curve. 
'  Let  g  represent  the  angle  comprised  between  the  axis  of  x  and 

the  tangent  to  the  curve  at  the  point  m.    We  shall  clearly  have, 

tang.  g=.-^\    and  the  deduction  ^  will  be  obtained  by  dif- 

[  ferentialising  the  equation  of  the  curve,  making  x  and  y  vary 

together.    We  then,  by  the  known  rules,  find 

— rrfar~(A~a?)rfr  ,  r^rf£— (A  +  x)^/ 

by  differentialising  the  values  of  r /,  we  further  obtain 
j^^— (^— ar)rfa?+yrfy  ^^_{h±x)dx+ydy 
r  '  r'  ' 

By  substituting  in  the  previous  equation,  and  multiplying  it  by 

,  we  find 

y 

and  the  value  that  we  deduce  from  -~  or  tang,  g  is 
tanir  a-         -^y±^y 

The  tangent  to  the  curve  coincident  with  the  direction  of  the 
resultant  of  the  actions  of  a  and  b  upon  a^,  letting  f  represent  this 
Utter,  and  z,  t  its  components  according  to  the  axes,  we  shall  have 

x=F  COS,  g  ;  T=F  sin.  g^  whence  tang.  g=^-. 
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'  Let  B  be  the  intensity  of  tlie  repulsive  action  exercised  between 
tbe  poles  of  the  same  name,  a  and  a'  ;  b'  that  of  the  repulsive  or 
attractive  action  exercised  between  b  and  a^  The  first,  making 
with  the  axis  of  the  positive  x  an  angle  of  180^— t,  will  have,  ac- 
cording to  the  axes  of  x  and  y,  components  b  cos.  (180^~t),  or 

— B  COS.  iy  and  b  sin.  i;  or,  finally,  —  b and  b?,  remarking 

f*  T 

that  ^assin.  i.    The  components  of  b^,  acting  like  the  preceding 

on  the  side  of  the  positive  co-ordinates,  will  be  found  in  like 

manner,  and  will  be  +b'  --7—  and  +B'p,  by  taking,  as  we  have 

hitherto  done,  the  upper  or  the  lower  signs^  according  as  b  is  of 
the  contrary  or  of  the  same  name  with  jl,  and  according  as  b^  re- 
presents an  attraction  or  a  repulsion.  The  components  of  the 
total  action  exercised  upon  a^  will  therefore  be, 

X=  -B-^  +  B'-^;  T=B^+B'^;  ^ 

whence  we  deduce, 

tang,  g-^-      Bf  (A-a:)iB>(A+«y 
By  equalising  this  value  with  that  which  we  had  found, 

whence  results  the  relation 

(bZ+bV)  (r'»(A-a?)±r»(A+ar))-(Br'(A-ar)+B'r(A+a;)  ) 
(/>+r5)=o. 
By  developing  the  calculations  and  separating  the  terms  that 
contain  h^x  and  h-\-Xy\l  becomes 

(+BV/»+Br«rO  (A-ar)±(+BrV-BV/»)  (A  +  a:)=0; 
or  by  reducing  and  dividing  by  ±2  Arr', 

Br«=B'/«. 
This  equation,  in  which  b  and  B^  represent  functions  of  r  and  t^ 
respectively,  occurs  in  all  the  points  of  each  magnetic  curve ;  and 
as  one  may  be  passed  through  every  point  of  space,  it  occurs  for 
any  point  whatever,  r  and  f^  designating  distances  to  a  and  b. 
We  may  therefore  make  r  vary  arbitrarily  by  leaving  to  r^  a  con- 
stant value  ;  representing  by  h  the  independent  value  of  r  then 


Digitized  by 


Google 


NOTES. 


545 


taken  by  R'r^,  we  shall  have,  whatever  r  may  be,  Br*=H; 
whence, 

H 


B  =  - 


Consequently  the  intensity  b  of  the  mutual  action  of  the  poles 
A,  a',  varies  in  inverse  ratio  with  the  square  of  their  distance  r. 


Note  E.  (p.  217.) 

Note  relative  to  the  Law  of  the  Action  of  a  Point  of  an  Electric 
Current  upon  the  Magnetised  Needle, 

Experience  demonstrates  that  the  intensity  of  the  action,  exer- 
cised by  an  indefinite  rectilinear  current  upon  a  magnetised 
needle,  is  in  inverse  ratio  to  the  distance  of  the  needle  from  the 
current.  We  have  said  the  consequence  of  this  experimental  law 
is,  that  the  elementary  action  of  a  simple  point,  or  of  a  section  of 
the  current^  is  in  inverse  ratio^  not  to  the  simple  distance,  but  to 
the  square  of  the  distance. 

Let  M  N  be  the  indefinite  current ;  a,  the  centre  of  oscillation, 
that  is  to  say,  the  middle  of  the  magnetised  needle,  the  point  upon 
which  we  may  suppose  the  action  of  the 
"""-•-v.,,.^  current  as  being  concentrated ;  let  a  b,  or  c, 

be  the  shortest  distance  from  the  needle  to 
the  current ;  finally,  let  A  c  be  the  distance 
from  any  point  of  the  current  to  the  needle. 
The  action  of  the  point  c,  by  supposing  the 
law  of  the  inverse  of  the  square,  will  be 

expressed  by  — 5;  A  being  a  constant,  de- 

A  C 

pending  on  the  mutual  force  of  the  current 
and  the  needle ;  and  ds  the  rectilinear  element 
of  the  current  whose  action  is  being  investi- 
gated. But  ac2  =  cb2  +  ba>  =  *>  +  c^  s 
being  the  distance  cb  from  any  point  c  to  the 
fixed  point  b;  the  quantity  5  is  a  variable, 
because  the  form  of  the  expression  which  gives  the  value  of  the 
action  is  the  same,  whatever  be  the  point  of  the  current  that  is 

taken.  We  have,  therefore,  only  to  integrate  this  expression  -5 — ^ 
between  ^  and  —  q  to  obtain  the  value  of  the  total  action  of  the 
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indefinite  current  m ir ;  sioce  we  suppofle  that  it  extends  indeflnxtelj, 
setting  out  from  b  in  both  directions. 

Now  we  have  A/   ^        ^  is  -  arc.  tang,  as — \.  constant ;  taking 

^y     S      "T"  C  C  C 

the  definite  integral  between  the  limits  ^  and  —  ^,  we  find  that  the 

expression  becomes  — ;  a  quantity  in  which  A  and  tt  are  con- 
stant, and  in  which  c  onlj,  namelj  the  distance  from  the  needle  to 
the  current,  may  vary.  The  action  of  an  indefinite  rectilinear 
current  upon  a  magnetised  needle  is  found,  therefore,  to  be,  as  we 
have  said,  the  inverse  of  the  simple  distance  from  this  current  to 
the  needle,  when  we  suppose  that  the  action  of  a  simple  element 
of  the  current  is  in  inverse  ratio  to  the  square  of  this  distance. 

Calculation  likewise  demonstrates  that  if  the  cuirent  is  angular 
instead  of  rectilinear,  and  we  admit  that  the  action  exercised  by 
an  element  of  this  current  upon  a  magnetised  particle  varies,  not 
only  in  inverse  ratio  with  the  square  of  the  distance,  but  also 
proportionately  to  the  sine  of  the  angle  made  with  the  direction  of 
the  current  by  the  line  joining  the  centres  of  the  element  and  of 
the  particle,  we  arrive  at  the  result  that  the  total  action  of  the 
current  is  not  only,  as  we  have  just  seen,  the  inverse  of  the  simple 
distance,  but  also  proportional  to  the  tangent  of  half  the  angle 
formed  by  the  current  that  has  become  indefinite.  This  second 
result  of  calculation  has  been  verified,  like  the  former,  by  aa 
experiment  of  M.  Biot's.  We  shall  not  give  here  this  latter 
calculation,  in  which  the  same  course  is  pursued  as  for  the  former. 


Note  F.  (p.  246.) 

Note  relative  to   the   Caleuiation  of  the  mutual  Action  ofttoo 
Electric  Currents, 

The  very  great  development  that  I  have  given  to  this  note  is  due 
to  my  desire  to  make  known,  in  a  tolerably  complete  manner,  bj 
endeavouring  to  place  within  the  reach  of  the  generality  of  readers 
the  admirable  mathematical  theory  upon  which  Ampere  has  based 
the  explanation  of  all  electro-dynamic  phenomena;  a  theory  so 
perfect  that,  by  its  means,  the  celebrated  philosopher  to  whom  it 
is  due  was  able  so  to  predict,  even  in  their  minutest  details,  all 
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tiiie  different  phenomena  to  which  it  relates,  that  subsequent 
experiment  has  never  been  able  to  gainsay  it. 

From  the  verj  origin  of  electro-djnamic  phenomena  three 
hypotheses  were  set  forth  in  explanation  of  them. 

The  first  consisted  in  admitting  that  the  electric  current  confers 
upon  the  conductors  which  it  is  traversing  a  transverse  magnetic 
polarity,  so  that  the  effect  of  the  current  may  be  assimilated  to 
that  of  a  multitude  of  small  very  short  magnets,  perpendicular  to 
its  direction  and,  consequently,  parallel  with  each  other.  This 
hypothesis  explains  the  first  effects  that  were  observed,  and 
especially  the  law  discovered  by  MM.Biot  and  Savart,  relative 
to  the  mutual  action  of  an  element  of  the  current  and  a  magnetic 
molecule ;  a  law  which  we  have  seen,  in  Note  E.,  to  be  derived 
from  experiments  made  with  a  current  of  very  great  length,  and 
a  very  short  magnet  brought  to  various  distances.  The  mutual 
action  of  magnetic  elements  would,  under  this  hypothesis,  have 
been  an  elementary  action. 

The  second  hypothesis,  proposed  by  M.  Ampere,  consists  in 
regarding  as  elementary  the  mutual  action  of  two  currents,  and  in 
explaining  the  mutual  action  of  currents  and  magnets,  and  of 
magneta  upon  each  other,  by  considering  a  magnet  as  an  assemblage 
of  electric  currents,  circulating  around  its  particles,  and  acting 
either  upon  the  electric  currents  of  another  magnet,  or  upon  those 
of  a  conducting  wire,  precisely  as  experiment  has  proved  that  the 
currents  of  conducting  wires  act  upon  each  other. 

Finally,  the  third  hypothesis  consists  in  supposing  that  there 
exists  between  an  element  of  a  conducting  wire,  traversed  by  a 
current,  and  a  magnetic  molecule,  a  primitive  elementary  action, 
tending  at  the  same  time  to  make  the  molecule  move  round  the 
element  and  the  element  round  the  molecule.  This  last  hypothesis 
differs  from  the  two  former  in  that,  instead  of  admitting  between 
the  material  points  that  are  acting  on  each  other,  merely  direct 
forces  following  the  right  lines  by  which  they  are  joined,  it 
supposes,  between  the  element  of  the  current  and  the  magnetic 
molecule,  an  action  represented  by  two  equal  and  opposite  forces, 
but  both  perpendicular  to  the  plane  that  passes  through  the 
element  and  the  magnetic  molecule,  applied  one  to  the  middle  of 
the  element,  the  other  to  the  molecule,  and  thus  forming  what 
M.  Poinsot  has  called  a  pair ;  so  that,  even  though  the  element 
and  the  molecule  should  be  connected  invariably  together,  the 
solid  assemblage  they  would  form  would  acquire,  by  their  mere 
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mutual  action,  a  rotatorj  motion.  Experiment  has  not  verified 
this  conclusion,  which  was  decisive  ;  for  it  was  irreconcilable  with 
the  two  former  hypotheses.  This  might  have  been  expected,  for 
to  regard  a  revolving  action  as  a  primitive  action  would  appear 
contrary  to  the  first  principles  of  dynamics,  according  to  which 
the  mutual  action  of  different  parts  of  a  solid  system  can  never 
impress  upon  it  any  motion.  We  should,  however,  remark  that 
CErsted's  first  experiment,  joined  to  the  phenomenon  of  continuous 
rotation  discovered  by  Faraday,  would  seem  indeed  to  indicate 
as  a  primitive  action  a  revolving  action,  in  which  the  attraction 
and  repulsion,  that  might  then  alone  be  apparent,  were  merely  a 
transformation  occasioned  by  the  mode  of  arranging  the  apparatus. 
This  idea  was  at  first  put  forth  by  the  two  philosophers  that  I 
have  just  mentioned,  but  was  subsequently  abandoned  in  con- 
sequence of  Ampere's  more  recent  researches. 

We  must  not  be  astonished  at  the  diversity  of  views  that  existed 
among  philosophers  in  the  early  days  of  electro-dynamics,  as  to 
the  nature  of  the  new  force  with  which  the  successive  researches 
of  CErsted,  Arago,  Ampere,  and  Faraday  had  enriched  physical 
science.  In  fact,  the  mutual  action  of  currents  discovered  by 
Ampere  was  the  first  example,  with  which  nature  had  presented 
us,  of  forces,  whose  action  is  exercised  in  a  line  perpendicular  to, 
and  not  in  the  same  line  with  their  direction ;  and  for  which, 
consequently,  the  intensity  of  the  action  was  not  simply  a  function 
of  the  mutual  distance  of  the  acting  particles,  but  depended  also 
on  that  variable  element  which  we  have  called  the  direction  of  the 
current. 

And  thus  many  philosophers  were  originally  favourable  to  the 
first  hypothesis,  in  which  the  currents  were  no  longer  the  primitive 
force,  but  were  the  cause  that,  by  bringing  about  a  transverse 
magnetism  in  conductors,  developed  the  force,  whoso  direction 
was  thus  found  to  be  the  same  as  that  of  the  action  to  which  they 
gave  rise.  However,  the  hypothesis  of  this  transverse  polarity 
could  not  long  sustain  the  test  of  examination;  it  became  very 
complicated  as  soon  as  it  was  investigated  more  closely  in  expla- 
nation of  the  mutual  action  of  electric  currents;  and  it  was 
irreconcilable  with  the  phenomenon  of  continuous  rotation.  They 
were  compelled,  therefore,  to  have  recourse  to  the  second  — 
M.  Ampere's — which  is  now  generally  adopted,  and  which  new 
discoveries  appear  still  more  to  confirm. 

M.  Ampere  was  not  slow  in  applying  his  deep  mathematical 
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'  knowledge  to  the  calculation  of  the  forces,  whose  curious  effects  he 

^         had  discovered  bj  actual  experiment.     He  commenced  bj  ex- 
pressingy  by  means  of  a  formula,  the  value  of  the  attractive  or 
repulsive  force  of  two  elements  or  infinitely  small  portions  of  the 
-  currents,  in  order  that  he  might  be  enabled  to  deduce  from  this,  by 

the  known  methods  of  integration,  the  action  that  occurs  between 
^  two  portions  of  conductors,  their  form  and  situation  being  given, 
t  As  it  is  impossible  to  submit  infinitely  small  portions  of  a  current 
I  to  direct  experiment,  we  must  needs  set  out  from  observations 
t  made  upon  currents  of  finite  size,  and  satisfying  two  conditions, 

r  namely, — that  the  observations  be  susceptible  of  great  precision,  — 

i         and  that  they  be  moreover  proper  for  determining  the  value  of  the 
»  mutual  action  of  two  infinitely  small  portions  of  these  currents. 

I         We  may  obtain  this  result  by  two  methods  ;  one  consists  in  mea- 
suring, with  the  greatest  accuracy,   the   values  of  the  mutual 
(  action  of  two  portions  of  the  current  of  finite  dimensions,  by 

I  placing  them  successively,  in  respect  to  each  other,  at  different 

distances,  and  in  different  positions;  for  it  is  evident  that  the 
,  action  does  not  depend  simply  on  the  distance ;  then,  by  making 

an  hypothesis  on  the  value  of  the  mutual  action  of  two  infinitely 
small  portions,  we  deduce  from  it  the  value  of  the  action  that 
should  occur  to  the  conductors  of  finite  dimensions,  upon  which 
we  are  operating,  and  we  modify  the  hypothesis  until  the  results 
of  calculation  accord  with  those  of  observation.  Thus  we  pro- 
ceeded in  Note  E.,  in  order  to  determine  the  law  by  which  the 
mutual  action  of  an  element  of  the  current  and  a  magnetic  molecule 
18  governed.  But  this  method,  good  though  it  was  in  that  case^ 
is  not  applicable  to  that  in  which  the  mutual  action  of  two  currents 
is  concerned,  in  consequence  of  the  difficulties  of  execution  and  of 
calculation  which  it  presents. 

'  The  second  method,  which  is  that  employed  by  M.  Ampere, 
consists  in  establishing  various  cases  of  equilibrium  in  the  mutual 
action  of  currents  upon  each  other.  These  different  cases  of  equi- 
librium immediately  give  so  many  laws,  which  lead  directly  to  the 
mathematical  expression  of  the  force  exercised  by  two  elements  of 
electric  currents  upon  each  other;  first,  by  making  known  the 
form  of  this  expression,  and  then,  by  determining  the  constant 
but  at  first  unknown  numbers  contained  in  it ;  precisely  as  Kepler's 
laws  demonstrate  first,  that  the  force  by  which  the  planets  are 
retained  in  their  orbits,  tends  constantly  to  the  centre  of  the  sun  ; 
as  well  as  that  it  changes  for  each  planet  in  inverse  ratio  to  the 
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square  of  its  distance  from  this  centre,  so  that  the  constant  co- 
efficient which  represents  the  intensity,  has  the  same  value  for  all 
the  planets. 

We  have  seen  that  these  cases  of  equilibrium  are  four  in  num- 
ber (pp.  241,  242,  243,  244,  and  245.).  The  first  two  were  esta- 
blished bj  M.  Ampere,  from  the  period  of  his  first  researches, 
namely,  in  1820 ;  it  was  these  which  enabled  him  to  frame  the 
mathematical  expression :  he  was  more  recently  led  to  establish, 
successively,  the  other  two  cases,  in  order  that  he  might  be  enabled 
to  determine  the  constant  co-efficients  that  entered  into  his  for- 
mula, without  having  recourse,  as  he  had  already  done,  to  ezperi- 
mentSy  in  which,  instead  of  two  currents,  a  magnet  and  a  current 
were  acting  upon  each  other.  He  was  for  a  long  time  contented 
with  the  third  case,  which  gave  him  a  relation  between  the  two 
constants  that  entered  into  his  formula,  and  he  established  their 
absolute  value  by  analogy  with  what  occurs  in  nature.  M.  Savary, 
being  desirous  of  getting  free  of  this  hjrpothesis,  arrived  in  1823 
at  the  same  value  for  these  two  constants,  by  means  of  an  ob« 
servation  made  upon  magnets,  combined  with  the  third  case 
of  equilibrium ;  then  it  was  that  M.  Ampere,  wishing  that  his 
theory  should  rest  upon  more  solid  bases,  sought  and  succeeded  in 
determining  directly  this  value  of  the  two  constants,  by  adding  the 
fourth  case  of  equilibrium  to  the  third,  which  he  had  already 
found. 

Let  i  and  i"  be  the  relations  of  the  intensities  of  two  given 
currents,  to  the  intensity  of  the  current  taken  as  unity ;  ds  and 
ds'  the  lengths  of  the  elements  in  each  of  them  that  are  under 
consideration;  ids  and  i^d/  will  express  the  respective  intensities 
of  their  elements,  and  ids  x  i^ds^t  or  ii'^ds  ds\  their  mutual  action 
when  they  are  perpendicular  to  the  line  that  joins  their  centres, 
and  consequently  parallel  to  each  other,  and  situated  at  a  unity  of 
distance  from  each  other;  care  must  be  taken  to  employ  this 
product  with  the  sign  +  when  the  two  currents,  by  moving  in  the 
same  direction,  attract  each  other,  and  with  the  sign  —  in  the 
contrary  case. 

Now,  on  considering  two  elements  of  currents,  placed  in  any 
manner,  and  consequently  not  in  the  same  plane,  their  mutual 
action  will  evidently  depend  on  their  lengths,  on  the  intensities  of 
the  currents  of  which  they  form  a  part,  and  on  their  respective 
position.  This  position  is  determined  by  means  of  the  length  r  of 
the  right  line  that  joins  their  centres, — of  the  angles  Q  and  V  made 
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"With  this  line  produced  bj  the  direction  of  the  two  elements, 
taken  in  the  direction  of  their  respective  currents, — and  finally  of 
the  angle  w,  formed  hy  planes  drawn  through  each  of  these  di- 
rectionsy  and  through  the  right  line  that  joins  the  centres  of  the 
elements.  By  analogy  with  what  passes  in  nature  in  all  the  phe- 
nomena of  attraction  and  repulsion,  we  may  admit  that  the  force, 
for  which  we  are  seeking  an  expression,  acts  also  in  inverse  ratio 
to  a  certain  power  of  the  distance,  which  we  will  call  the  n^,  n 
being  a  constant  that  is  to  be  determined.  Then,  representing  by 
f»  the  unknown  function  of  the  angles  0,  d"  and  <■»,  in  the  value  of 
the  action,  we  obtain  piVdsdsi'  for  the  general  expression  of  the 
action  of  two  elements  ds  and  d^  of  two  currents,  having  for  in- 
tensities t  and  t^ 

We  must  now  determine  the  function  p.  For  this  purpose,  we  first 
consider  two  elements  ad  and  a^d"  {Fig.  6.) 
as  parallel  and  situated  at  a  distance  r  from 
each  other ;  their  action  is  expressed  by 

— — —  as  we  have  seen.     Supposing  ad 

to  remain  fixed,  let  a'rf'  be  transported 
parallel  to  itself,  so  that  its  centre  is  always 
at  the  same  distance  from  that  of  adi  as 
the  angle  w  is  null,  since  the  directions  of 
the  two  currents  are  in  the  same  plane,  the 
value  of  the  mutual  action  of  their  two  elements  is  a  particular  func- 
tion of  the  angles  0  and  9^,  which  we  will  designate  by  0,  and  must 

be  expressed  by  the  formula  — ^   ^  — '    Calling  k  the  constant 

quantity  to  which  ^  (0, 0')  is  reduced,  when  a'rf'  is  at  a'"  d''\  in 
the  extension  ^i  ad^  and  moving  in  the  same  direction,  we  see  that 
k  expresses  the  relation  existing  between  the  action  oi  ad  upon 

a!"d''\  which  is,  therefore,  — -;; ;  and  that  of  ad  upon  a'd^ 

which  is  — — —  /  this  relation  is  independent  of  the  distance  r, 

of  the  intensities  t  and  i\  and  of  the  lengths  ds  and  ds'  of  the 
elements  under  consideration.  The  two  particular  cases  in  question 
are  relative;  the  one,  that  of  the  action  of  ad  upon  a'd%  to  the 
action  of  two  parallel  currents  that  attract  or  repel  each  other, 
according  as  they  are  in  the  same  or  in  contrary  directions ;  and 
that  of  the  action  of  ad  upon  a'"d"\  to  the  repulsion  of  two 
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currents,  moving  in  the  same  direction  along  the  same  right  line  ; 
or>  which  comes  to  the  same  thing,  the  two  consecutive  parts  of 
the  same  rectilinear  current. 

In  order  to  discover  the  general  form  of  the  function  p,  let  us 
now  make  use  of  our  first  two  cases  of  equilibrium,  and  partica- 
larly  of  the  second,  which  shows  us  that  the  attraction  of  an  infi- 
nitely small  rectilinear  element  is  the  same  as  that  of  any  other 
sinuous  element,  terminated  at  the  two  exti*emities  of  the  former, 
which  enables  us  to  apply  to  the  new  kind  of  forces,  at  least  when 
we  are  considering  them  in  their  elements,  the  laws  of  the  decom* 
position  of  forces,  demonstrated  in  mechanics  by  those  which  are 
acting  in  the  same  direction  with  themselves,  but  which  could  not 
have  been  applied  to  these  other  forces  had  it  not  been  for  the 
experimental  demonstration  of  this  possibility.  We  have  still 
need  of  a  self-evident  principle  that  an  infinitely  small  portion  of 
an  electric  current  does  not  exercise  any  action  upon  another 
infinitely  small  portion  of  a  current  situated  in  a  plane  that  passes 
through  its  centre,  and  is  perpendicular  to  its  direction. 

Let,   therefore  {Fig.  7.),    m  w  =  dsy  and  m'  m'  =  dt^y  be  two 


Fig,  7. 

elements  of  electric  currents,  whose  centres  are  at  ▲  and  Af :  let  a 
plane,  v:a.^  m,  pass  through  the  right  line,  ▲  a\  that  joins  them, 
and  through  the  element  h  m.  In  like  manner,  let  a  plane  m'a  m' 
pass  through  the  element,  m''  fn\  and  the  right  line,  a  a^  The 
current  directed  along  m  m,  namely,  ids^  may  be  replaced  by  its 
two  components,  Nn,  or  ids  cos.  0,  according  to  the  right  line 
A  A^,  and  pp,  or  ids  sin.  6,  according  to  a  perpendicular  at  a  on 
A  a'  in  the  plane  ma'iw.  The  current  m'iw'  or  i'ds'd  may,  in  like 
manner,  be  replaced  by  its  two  components  n'w'  or  i^ds'  cos.  0', 
according  to  A  a',  and  ^p^  or  i^ds^  sin.  d\  according  to  a  perpen- 
dicular at  A'  to  AA'  in  the  plane  m^aiw'.  Finally,  the  component, 
i'd/  sin.  O',  may  itself  be  replaced  by  t'rf/  sin.  6"  cos.  or,  directed 
in  the  plane  MA'^m  along  T^fy  and  by  i^ds"^  sin.  6^  sin.  m,  directed 
according  to  a  right  line,  u'  u\  drawn  in  a',  perpendicular  to  the 
plane,  MA^m.     All  these  decompositions  may  be  brought  about 
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hy  virtue  of  the  second  case  of  equilibrium,  which  enables  us  to 
applj  to  the  forces  on  which  we  are  engaged  the  general  laws  of 
decomposition.  The  mutual  action  of  two  elements  of  the  current 
ids  and  tV^,  represented  bj  m  m  and  m'  mf,  may,  therefore,  be 
replaced  bj  that  of  the  Jive  elements  of  the  current  that  we  have 
now  traced  out. 

Let  us  now  see  to  what  the  mutual  action  of  these  five  elements 
maj  be  reduced :  — 

Let  us  commence  enumerating  them,  by  referring  to  Fig,  7. 

N71  or  ids  COS.  9,  following  the  direction  aa^; 

pp  or  ids  sin.  d  perpendicular  to  a  at  a  a',  in  the  plane  MA^m; 

N^n'  or  t'rf/  COS.  6%  in  the  plane  M'Am',  in  the  direction  a  a'; 

tV  or  i'ds^  sin.  6^  cos.  lu,  in  the  place  MA^m,  passing  in  a^  per- 
pendicular to  A  a'; 

xj'w'  or  Vds^  COS.  Q'  cos.  w,  perpendicular  to  the  plane  MA^m 
in  a'. 

These  currents,  situated  in  respect  to  each  other  either  in  the 
same  or  in  different  planes,  all  have  their  centres,  the  former  in  A, 
the  latter  in  a^  Li  order  to  calculate  the  mutual  action  of  these 
five  elements,  we  must  remember  that  it  is  reduced  to  that  of  xn 
and  p/>,  which  supply  the  place  of  m»i,  upon  N^n',  t'^,  and  u'ti', 
which  supply  the  place  of  m'»/.  It  is  clear  that  Nn  and  pp, 
components  of  the  same  current,  do  not  act  upon  each  other  ;  and 
the  same  is  true  of  N^n'',  x^^,  and  v'l/,  which  are  the  components  of 
m'»i'.  The  action  of  xj'm'  or  i'dsl'  cos.  0^  cos.  la  upon  n«  and  upon 
pp  is  null ;  because  vu  has  its  centre  in  II  in  the  plane  ha^9», 
to  which  it  is  perpendicular,  and  Nn  and  Tp  are  in  this  plane, — 
the  former  in  the  direction  aa^  of  the  line  that  joins  its  centre 
with  that  of  v'u^,  the  other  in  a  direction  perpendicular  to  this 
right  line;  it  will  not  be  the  same  of  the  action  of  T^t',  upon  vn, 
for  the  direction  of  x'^''  is  perpendicular  to  the  direction  produced 
of  Kn,  upon  which  its  centre  is  situated.  The  action  of  Tp 
upon  N^n^  is  also  null  for  the  same  reason.  These  nullities  of 
action  are  a  consequence  of  the  principle  that  we  have  mentioned 
above. 

There  remains  only  the  mutual  action  of  pp  or  ids  sin.  6  and 
T^f  or  i^ds'  sin.  Q'  cos.  w ;  and  that  of  if  nor  ids  cos.  6  and  n'«' 
or  i^ds^  cos.  6^.  The  action  of  the  two  given  elements,  Mm  and 
is^m\  is  reduced,  therefore,  to  these  two  remaining  actions ;  and^ 
as  they  both  act  in  the  direction  of  the  right  line  aa^,  which  joins 
the  centres  of  the  portions  of  the  current,  between  which  they  are 
exercised,  we  have  merely  to  add  them  together  in  order  to  obtain 
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the  expression  that  we  are  seeking,  of  the  mutual  action  of  two 

given  currents. 

Tp  and  T^^  are  in  the  same  plane,  and  are  at  the  same  time 

both  perpendicular  to  aa^  and  consequently  are  parallel;  from 

what  we  have  seen  at  the  commencement  of  this  note,  their  mutual 

action  will  be,  taking  their  respective  values  for  the  elements  of 

the  current,  and  representing  the  distance  aa^,  that  separates  them 

,         tt  dsdt^  sin.  B  sin.  6'  cos. «  j     /  /  a      i     • 

by  r,  — .     N«  and  n  n   are  not  only  in 

the  same  plane,  but  on  the  same  right  line,  that  is  to  say,  the 
direction  of  the  one  is  upon  a  prolongation  of  the  direction  of  the 
other.  These  latter  circumstances,  as  we  have  also  seen  at  the 
commencement  of  this  note,  makes  it  necessary  to  multiply  by  A, 
the  formula  that  would  give  the  general  expression  of  their  mutual 
action,  in  the  case  in  which  they  were  parallel,  and  the  expression 

thus  becomes .     The  total  action  of  the  two 

elements,  Mm  and  vfm\  or  ids  and  i'ds'  on  each  other  has  there- 

•  fore  this  expression :  — — (sin.  B  sin.  ^  cos.  w  +  A  cos.  B  cos.  d'). 

The  form  of  the  general  expression  of  the  mutual  action  of  two 
elements  of  the  current  being  found,  it  remains  to  determine  the 
value  of  the  two  constants  k  and  n.  M.  Ampere  accomplished 
this  by  employing  the  third  and  fourth  cases  of  equilibrium.  He 
first  made  use  of  the  third  case  alone,  and  by  integrating  the  dif- 
ferential expression,  that  we  have  just  found,  he  calculated  the 
total  amount  of  rotation,  which  the  actions  of  the  different  parts 
of  a  closed  circuit  tend  to  impress  upon  a  portion  of  a  circular 
current,  a  momentum  which,  according  to  the  third  case  of  equi- 
librium, must  be  equal  to  zero.*  This  equality  led  him  to  a  first 
equation  between  the  constants  n  and  A;  namely,  n-f2A— 1=0. 
We  shall  not  follow  M.  Ampere  in  the  long  and  difficult  calcu- 

*  The  experiment  by  which  the  third  case  of  eqnilibriam  {Fig,  100.  p.  244.)  is 
estabhflhed,  is  but  little  susceptible  of  precision,  on  account  of  the  friction  of  the 
moveable  arc  upon  the  mercury,  contained  in  the  two  troughs :  thus  M.  Ampere 
had  at  first  deduced  the  value  of  A  from  another  experiment,  that  did  not  present 
the  same  inconveniences ;  it  consisted  in  proving  that  a  movable  supporter  of  con- 
ducting wire,  whose  two  extremities  are  in  the  vertical  axia^  around  which  it 
turns  freely  {Fig*  120.  p.  272.),  cannot  move  around  this  axis  by  the  action  of  a 
horizontal  circular  conductor,  whose  centre  is  in  the  same  axis.  It  is  evident 
that  the  conductor  is  much  more  mobile  by  this  mode  of  operating  than  by 
the  other ;  but  M.  Ampere  had  abandoned  it  because  the  calculation  that  he 
employed  to  deduce  from  it  the  value  of  A,  supposed  that  there  was  established 
relatively  to  each  of  the  elements  of  the  circular  conductor,  what  experiment 
demonstrated  only  fh>m  the  totally  of  this  conductor. 
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lations,  by  means  of  which  he  amved  at  this  equation ;  it  would 

be  going  beyond  the  limits  that  we  have  imposed  on  ourselves ; 

we    shall  merely  add  that,  by  calculations  no  less  profound,  he 

Bneceeded  in  discoyering  the  expression  of  the  mutual  action  of 

two  circuits  of  a  finite  length,  situated  in  the  same  plane,  by  con- 

BideHng  their  areas  X  and  X',  as  divided  in  every  direction  into 

infinitely  small  elements ;  and,  by  supposing  that  these  elements 

acted  on  each  other,  according  to  the  right  line  that  joins  them, 

in  direct  ratio  to  their  surfaces,  and  in  inverse  ratio  to  the  powers 

«-,.,.  rr»  .       •   »(n— 1)     tt^XX'  ^ 

n  +  2  of  their  distance.    The  expression  is  —^ — ^.  ^  .* 

Now,  if  we  consider  two  similar  systems,  each  composed  of  two 
closed  and  plane  circuits,  the  similar  elements  of  their  areas  would 
be  proportional  to  the  squares  of  the  homologous  lines,  and  the 
distances  of  these  elements  would  be  proportional  to  the  first 
powers  of  these  same  lines.  Let  m  represent  the  relation  of  the 
homologous  lines  of  two  syst-ems,  the  action  of  the  two  elements 
of  the  first  being  still  represented  by  the  formula  that  we  have 
just  given,  that  of  the  two  elements  of  the  second  will  become 

n  (    o    J  ~75+« — jrtT"  •     ^  ^^^^  from  the  remark  we  have  been 

making,  it  is  necessary  to  multiply  by  the  square  of  the  number 
that  expresses  the  relation  of  the  homologous  lines,  viz.  by  m\  the 
expression  which  represents  the  individual  action  of  each  of  the 
elements  of  the  first  system,  in  order  to  obtain  that  which  repre- 
sents the  action  of  each  of  the  elements  of  the  second :  whence  it 
follows  that  the  product  of  the  expressions  of  the  two  elements  of 
the  second  system,  which  gives  their  mutual  action,  is  found  to  be 
the  product  by  m^  of  the  expression  of  the  mutual  action  of  the 
two  elements  of  the  first.  With  regard  to  the  expression  r"** 
of  this  expression,  it  is  necessary,  in  order  to  pass  to  that  of  the 
second  system,  to  multiply  it  by  m*^^,  because  m  still  expresses  the 
relation  that  exists  between  the  respective  distances  of  the  elements 

♦  By  taking  up  M.  Ampere's  calculations,  M.  Plana  found  that  this  expression 

is  erroneous,  and  ought  to  be  replaced  bj  — ^—  (*- —  ) ;    but,  as   the  same 

rectification  must  be  introduced  into  the  following  expression,  no  change  occurs 
ID  the  value  of  their  relation,  which  is  the  only  thing  of  importance  in  the  de- 
termination of  k  and  »,  which  are  here  in  question.  M.  Ampere's  error,  there- 
fore, is  of  no  importance  to  tlie  object  upon  which  we  are  engaged  ;  it  possesses 
some  advantage  for  the  cases  in  which  we  fequire  to  express  the  absolute  force, 
without  even  then,  as  M.  Plana  perceived,  any  change  occurring  to  the  general 
results,  obtained  by  M.  Ampere. 
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of  each  of  the  two  systems ;  in  such  sort,  that  if  we  call  r'  this 
distance  for  the  second,  we  have  r^=zmry  r  heing  the  distance  for 
the  first,  whence  it  follows  that  r'  "+*  =  i»"**  r"**. 

Now,  the  fourth  case  of  equilibrium  {Fig.  101.  p.  245.),  proves 
that  the  action  of  the  second  system  must  be  equal  to  that  of  the 
first ;  for,  in  the  first  experiment  by  which  it  is  established,  the 
larger  circle  and  the  mean  circle  form  a  system  similar  to  that 
of  the  mean  and  the  smaller  circle ;  the  mean  circle,  which  is 
movable,  remains  in  equilibrium  between  the  two  extreme  circles 
which  are  fixed  when  the  circumference  of  all  these  is  traversed 
by  the  same  electric  current.     Now  the  relation  that  exists  between 

ffiA 

the  expressions  of  these  two  actions  is  — j,+j  or  «i*^ ;  and,  since 

they  are  equal,  this  relation  must  be  equal  to  unity,  or  m^ ;  which 
gives  w=2,  and  in  virtue  of  the  equation  1— «— 2^=0,  ^=:— ^. 

Thus  the  general  expression  of  the  mutual  action  of  two  elements 
of  any  currents,  situated  in  any  planes,  by  putting  in  the  place  of  ft 
and  k  their  respective  values +2  and— ^,  becomes 
vTdsds' 


T 


,% 


(sin.  d  sin.  ^cos.  <■»  —  ^cos.  Q  cos.  6'); 


an  expression  which  no  longer  contains  anjr  unknown  quantities. 
We  may  remark  in  passing,  that,  from  the  formula  -~^ — -  — +,- 

2  7^ 

relating  to  the  mutual  action  of  two  closed  currents,  it  follows 
that  this  expression  being  now  only  the  function  of  the  dis- 
tance, since,  with  the  exception  of  r,  all  the  quantities  that  enter 
into  it  are  constant,  there  can  never  result  from  this  action  a  con- 
tinuous rotatory  movement.  This  important  consequence  is  com- 
pletely confirmed  by  experiment,  which  equally  shows  that  it  is 
impossible  to  produce  a  continuous  rotatory  movement  by  the 
mutual  action  of  two  magnets,  which  are  both  assemblages  of  closed 
currents. 

We  have  seen  in  Note  E.,  that,  by  applying  calculation  to  one  of 
M.  Biot's  experiments,  the  mutual  action  of  an  element  of  a  current 
and  a  magnetic  molecule  is  found  to  be  in  inverse  ratio  to  the 
square  of  their  distance ;  but  this  result  could  not  be  extended  to^ 
two  elements  of  the  current,  except  by  admitting  that  the  action 
of  magnets  is  due  to  electric  currents ;  whilst  the  demonstration 
that  has  been  given  of  it  by  M.  Ampere,  while  confining  himself 
to  cases  of  equilibrium,  in  which  electric  currents  alone  are  in 
play,  is  independent  of  all  hypotheses  that  might  be  made  upon  the 
constitution  of  magnets. 
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It  was  not  always  so.     M.  Ampere  was  at  first  contented  with 
the  former  relation  between  the  two  constants  k  and  »,  founded 
upon  the  fact  that  a  conductor,  movable  around  an  arc  at  which  it 
terminates  on  both  sides,  whatever  be  its  form,  does  not  experience 
any  tendency  to  turn  always  in  the  same  direction,  by  the  action 
of  a  portion  of  the  circular  conductor,  whose  centre  is  in  the  axis 
of  rotation,  and  whose  plane  is  perpendicular  to  this  axis.     This 
rotation,  which  M.  Ampere  replaced,  as  we  have  seen,  by  the  third 
case  of  equilibrium,  gives  n  +  2A  —  1=0.    From  analogy  between 
the  divers  phenomena  of  attraction  that  occur  in  nature,  and 
particularly  with  the  result  of  M.  Blot's  experiment  in  Note  £.,  to 
which  we  have  just  referred,  M.  Ampdre  had  originally  admitted, 
without  direct  demonstration,  that  the  exponent  n  ought  to  be  2, 
which  gave,  as  we  have  seen,  A  =  —  J.    More  recently,  M.  Savary 
discovered  a  second  relation  between  n  and  A,  by  means  of  an  ex- 
periment by  MM.  Gay-Lussac  and  Welter,  which  is,  that  a  mag- 
netised steel  ring  exercises  no  exterior  action,  although  its  particles 
are  really  endowed  with  magnetisation,  since  its  magnetic  properties 
are  manifested  in  its  divers  parts,  as  soon  as  it  is  broken.  M.  Ampere 
then  made  the  same  experiment,  by  replacing  the  ring  by  an 
assemblage  of  circular  currents,  arranged  like  those  which  he 
admits  to  be  around  the  molecules  of  magnetised  steel.    By  letting 
0,  according  to  experiment,  represent  the  action  of  this  system 
upon  any  exterior  point,  M.  Savary  obtained  between  n  and  A, 
independently  of  all  assimilation  between  magnets  and  electric 
currents,  a  second  relation  n  +  1=0;  which,  on  being  combined 
with  the  former,  «  -|-  2A  —  1,  gives  the  equation  n"  —  »  —  2  —  0 
or  »  =  ^  ±  ^.    We  thus  find  for  n  two  values,  namely,  2  and  —  1, 
which  correspond  for  A  to  —  ^  and  to  +  |.     We  have,  therefore, 
to  choose  between   the   two   systems  (n  =  2  and  A  =  —  ^)  and 
(n=:  —  1  and  A=l).     Now  M.  Ampere  has  shown  by  a  direct  ex- 
periment that  k  must  be  negative ;  for  this  constantr  epresents  the 
relation  between  the  actions  of  two  elements  of  currents  {Fi^,  6.) 
when,  the  distance  being  the  same,  they  are  supposed  first  to  be  di- 
rected along  the  same  right  line,  and  then  both  in  the  same  plane, 
and  perpendicular  to  the  right  line  by  which  they  are  joined,  viz., 
parallel ;  this  last  action  being  positive,  viz.,  attractive^  the  other 
is  negative,  viz.,  repulsive,  the  relative  direction  of  the  currents 
remaining  of  course  the  same ;  this  follows  from  the  experiment, 
in  which  we  see  that  two  portions  of  the  current,  moving  in  the 
€ame  right  line,  and  in  the  same  direction  mutually  repel  each 


Digitized  by 


Google 


558  NOTES. 

other  (Fig.  92,  p.  230.).  These  two  same  portions  of  the  current, 
when  transported  parallel  to  each  other,  are  found  to  travel  in  the 
same  direction. 

We  shall  not  follow  M.  Ampere  in  the  application  that  he  made 
of  his  formula  to  the  determination  of  all  the  circumstanoes  o£ 
motion  that  a  fixed  rectilinear  or  circular  current  must  impress 
upon  a  movable  current,  when  the  relation  is  known  of  the  poeitioa 
of  the  conductors,  bj  which  the  currents  are  transmitted.  W« 
have  already  seen  how  M.  Ampere,  by  means  of  his  theory  explains 
in  particular  all  the  phenomena  of  continuous  rotation,  arising 
from  the  mutual  action  of  currents,  as  well  as  all  the  effects  of 
terrestrial  magnetism,  by  reducing  them  to  those  of  one  fixed  in- 
definite current.  The  results  of  calculation,  when  applied  te 
considerations  of  this  kind,  are  found  perfectly  confirmed  by  those 
of  experiment.  Perhaps  the  most  difficult  and  the  most  delicate 
point  is  that  concernijig  the  assimilation  of  magnets  to  an  assem- 
blage  of  circular  currents,  arranged  in  a  regular  manner  and 
constituting  solenoids. 

In  1823,  M.  Savary,  in  a  work  to  which  we  have  already  made 
allusion,  endeavoured  to  calculate  the  action  of  this  assemblage^ 
and  was  on  this  occasion  led  to  determine  n  and  A,  by  combining 
the  equation  n  +  2A  — 1=0,  originally  found  by  M.  Ampere,  and 
A  n  +  1  =  0.  This  was  before  M.  Amp^e  had  arrived,  by  the 
consideration  of  his  fourth  case  of  equilibrium,  to  determine  it  in 
a  direct  manner  from  these  two  constants.  M.  Savary  then  founds 
by  calculating  the  efiect  of  all  the  actions  exercised  upon  an 
element  of  a  current,  placed  at  a  very  great  distance,  by  a 
succession  of  circular  and  very  small  currents,  whose  planes  were 
perpendicular  to  a  right  or  curved  line,  that  all  the  actions  are 
reduced  to  two  forces,  directed  according  to  perpendiculars  to  the 
two  planes,  passing  through  the  element  and  through  the  extremity 
of  the  solenoids.  The  intensities  of  these  forces  are  in  inverse 
ratio  to  the  squares  of  the  distances  by  which  the  element  is 
separated  from  the  extremities  of  the  electro-dynamic  cylinder, 
and  proportional  to  the  sines  of  the  angles  made  by  the  lines,  by 
which  these  distances  are  measured,  with  the  direction  of  the 
element.  These  forces  are  thus  independent  of  the  form  of  the 
curve,  to  which  the  planes  of  the  circular  currents  are  perpen- 
dicular. Tliis  law,  which  M.  Savary  had  deduced  simply  from 
the  theory  of  the  mutual  action  of  voltaic  currents,  is  the  same  as 
that  which  was  the  result  of  the  experiments  of  MM.  Biot  and 
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Savarty  for  expressing  the  action  of  a  magnet  upon  an  element  of 

'  a  current  (Note  E.).     There  is  a  single  difference  :  it  is,  that  the 

centres  of  action,  which  may  be  substituted  for  all  the  circular 

currents,  that  constitute  an  electro-dynamic  cylinder,  are  the  very 

extremities  of  the  cylinder,  whilst  the  centres  of  action  or  the 

^  poles  of  the  magnet  are  at  certain  distances  from  these  extremities. 

^    In  general,  a  solenoid  conducts  itsdf  like  a  magnet,  having  the 

*    same  axis;  and,  setting  out  from  the  elementary  law  of  the  mutual 

'    action  of  two  infinitely  small  currents,  calculation  leads  to  results 

>    in  conformity  with  experiment,  when  it  is  applied  to  the  action  of 

I    a  current  of  the  given  form,  or  a  solenoid,  and  to  the  mutual  action 

»     of  two  solenoids. 

I         In  his  work,  entitled  Theory  of  EUctro-dynamic  Phenomena^ 
\     M.  Ampere  has  confirmed  and  generalised  the  results  obtained  by 
i:     M.  Savary  upon  solenoids ;  and,  by  the  consideration  of  the  fourth 
case  of  equilibrium,  he  succeeded  in  explaining  all  the  phenomena 
i      that  are  presented  by  magnets,  by  considering  them  as  the  results 
of  assemblage  of  electric  currents,  forming  very  small  circuits 
I      around  their  particles.     He  showed,  in  particular,  that  two  systems, 
I       composed  of  very  small  solenoids,  act  upon  each  other,  according 
to  his  formula,  like  two  magnets,  composed  of  as  many  magnetic 
I       elements  as  there  may  be  supposed  to  be  solenoids  in  these  two 
systems ;  one  of  these  systems  acts  also  upon  an  element  of  the 
electric  current  just  as  a  magnet  does ;  consequently,  aU  the  ex* 
planations,  aU  the  calculations,  founded  both  upon  the  considera- 
tion of  the  attractive  and  repulsive  forces  of  these  molecules  in 
inverse  ratio  to  the  square  of  the  distances,  and  upon  that  of  the 
resultant  forces  between  one  of  these  molecules  and  an  element  of 
the  electric  current  are  necessarily  the  same,  whether  the  phenomena 
that  produce  the  magnets  in  these  two  cases,  be  explained  by  electric 
currents,  or,  if  we  prefer  it,  by  the  hypothesis  of  two  magnetic 
fluids.    Neither  in  these  calculations,  therefore,  nor  in  these  ex* 
planations,  can  objections  be  sought  against  Ampere's  theory,  nor 
proofs  in  its  favour.    These  proofs  follow  rather  from  its  reducing 
to  one  action  three  sorts  of  actions,  which  the  whole  of  the  phe* 
nomeDa  prove  to  be  due  to  one  common  cause,  which  cannot  be 
otherwise  reduced;  namely,  the  mutual  action  of  two  currents, 
the  mutual  action  of  two  magnets,  and  the  mutual  action  of  a 
magnet  and  a  current.    It  was  at  first  thought  that  they  all  might 
have  heen  explained  by  the  mutual  action  of  two  magnets,  by  sup- 
posing,  as  we  have  already  mentioned  that,  from  the  passage  of 
the  electric  current  in  a  conductor,  there  is  developed  in  it  a  trans- 
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verse  magnetic  polarity ;  bat  the  phenomena  of  continaous  rota- 
tory motion  are  in  complete  contradiction  to  this  idea.  It  -wus 
therefore  neccBsarj,  if  M.  Ampere's  theory  were  not  adopted,  to 
regard  the  three  kinds  of  action,  which  he  has  reduced  to  one 
common  law,  as  three  sorts  of  phenomena  absolutely  independent 
of  each  other.  In  fact,  the  mutual  action  of  magnetic  molecnlefl, 
if  it  existed,  could  not  be  regarded  as  the  elementary  force,  since, 
being  proportional  to  a  function  of  the  distance,  it  could  never  give 
rise  to  the  motion,  always  accelerated  and  in  the  same  direction, 
which  the  phenomena  of  rotation  present.  Still  less  does  the  ele- 
mentary force  depend  upon  that  which  is  manifested  between  a 
magnetic  element  and  an  element  of  the  current;  viz.  between 
two  bodies  in  truth  of  very  small  volume,  but  of  which  one  is  ne- 
cessarily compound,  whichever  manner  of  interpreting  the  phe- 
nomena be  adopted.  But  if  it  be  the  mutual  action  of  the  two 
elements  of  the  current,  that  is  regarded  as  the  elementary  forc^ 
then  we  are  able  to  explain  all  the  phenomena ;  and  the  mutual 
action,  either  of  two  magnetic  elements,  or  of  a  magnetic  element 
and  an  element  of  a  current,  are  then  compound  actions ;  because, 
in  this  case,  the  magnetic  element  must  be  considered  as  a  com- 
pound. We  may  remark  that  although  from  the  whole  collection 
of  facts  it  is  natural  to  conjecture  that  the  three  kinds  of  action 
depend  on  a  single  cause,  it  is  by  calculation  alone,  and  without 
any  prepossession  as  to  the  nature  of  the  force  which  two  elements 
of  the  current  exercise  upon  each  other,  that  M.  Ampere  has 
proved,  by  seeking  from  the  data  of  experiment  alone,  the  ana- 
lytic expression  of  this  force,  and  by  demonstrating  that  from  it 
are  deduced  the  values  of  the  other  two,  such  as  they  have  been 
also  given  by  experiment 

With  regard  to  the  nature  of  the  elementary  force,  that  two 
portions  of  conductors,  in  which  electric  fluids  ai*e  moving,  ex- 
ercise upon  each  other,  these  effects  are  so  different  from  those 
that  are  manifested  when  the  two  fluids  are  at  rest  in  bodies 
charged  with  static  electricity,  that  it  has  even  been  assumed  that 
the  former  ought  not  be  attributed  to  the  same  fluids  as  the  latter. 
This  is  precisely  as  if  we  concluded  from  the  suspension  of  mer- 
cury in  the  barometer  being  an  entirely  different  phenomenon 
from  that  of  sound,  that  we  ought  not  to  attribute  them  to  the 
same  atmospheric  fluid  at  rest  in  the  former  case,  and  in  motion 
in  the  latter,  but  rather  to  two  different  fluids,  one  pressing  on 
the  surface  of  the  mercury,  the  other  transmitting  the  vibratory 
movements  that  produce  sound. 
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However,  there  is  nothing  to  prove  that  the  force  expressed  by 
VL,  Ampc^re's  formula  cannot  result  from  the  attractions  and  re- 
pulsions of  two  electric  fluids  in  inverse  ratio  to  the  squares  of  the 
iistances  of  their  molecules.     Only  we  must  not  suppose  that  these 
molecules  are  distributed  upon  the  conducting  wires,  so  as  to 
remain  fixed  there,  and  to  allow  consequently  of  their  being  re- 
garded as  invariably  connected  together.     In  fact,  it  follows  from 
tlie  principle  of  the  preservation  of  active  forces,  which  is  a  ne- 
cessarj  consequence  of  the  very  laws  of  motion,  that  when  ele- 
mentary forces  are  expressed  by  simple  functions  of  the  mutual 
distances  from  the  points  between  which  they  are  exercised,  and 
that  a  part  of  these  points  are  invariably  connected  together,  and 
do  not  move  except  in  virtue  of  these  forces,  the  others  remaining 
fixed,  the  former  cannot  return  into  the  same  situation  in  respect 
to  the  latter,  with  greater  velocities  than  those  which  they  had 
when  they  departed  from  this  same  situation.    Now,  in  the  move- 
ment of  continuous  rotation  that  is  impressed  upon  a  movable 
conductor  by  the  action  of  a  fixed  conductor,  all  the  points  of  the 
former  return  to  the  same  situation  with  greater  and  greater  velo- 
cities at  each  revolution,  until  friction  and  the  resistance  of  the 
mercury  or  of  the  acidulated  water,  into  which  the  extremity  of 
the  conductor  is  plunged,  set  a  limit  to  the  increase  of  the  velocity 
of  the  rotation  of  this  conductor ;  it  then  becomes  constant,  notwith- 
standing these  frictions  and  this  resistance.    We  ought,  therefore, 
to  conclude,  from  what  has  been  said,  that  these  phenomena  are 
due  to  the  fact  that  the  two  electric  fluids  traverse  the  conducting 
wires  continuously,  with  an  extremely  rapid  motion ;  and  alter- 
nately unite  and  separate  in  the  intervals  of  the  particles  of  these 
wires.    As  soon  as  we  suppose  that  the  electric  molecules,  when 
set  in  motion  in  conducting  wires  by  the  action  of  the  battery  or 
of  any  other  source  of  electricity,  continually  change  places,  as  we 
have  just  expressed  it,  it  is  no  contradiction  to  admit  that  from 
the  actions,  in  inverse  ratio  to  the  squares  of  the  distance,  exercised 
by  each  molecule,  there  might  result  between  two  elements  of 
conducting  wires  a  force  depending  not  only  on  their  distance,  but 
also  on  the  directions  of  the  two  elements,  according  to  which  the 
electric  molecules  are  moving,  and  are  reuniting  to  molecules  of 
the  opposite  kind,  in  order  to  recompose  neutral  fluid,  and  separat- 
ing at  the  following  instant  to  go  and  recombine  with  others.   Now, 
precisely  and  only  from  this  distance,  and  from  these  directions,  is 
the  force  derived,  which  is  then  developed,  and  whose  value  is 
VOL.  I.  GO 
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given  by  M.  Ampere's  experiments  and  calculations.  We  shall 
see  in  the  Fourth  Part  of  this  Treatise,  the  ideas  that  may  be 
formed  of  the  motion  in  question,  or  in  other  words,  on  the  mode 
of  the  propagation  of  dynamic  electricity.  What  is  important 
here  was  to  prove,  independently  of  all  hypotheses  as  to  its  nature, 
the  necessary  existence  of  this  movement,  in  order  to  explain  the 
phenomena  classed  under  the  name  of  electro-dynamics  by  M. 
Ampere,  who  was  the  first  to  establish  this  important  principle,  of 
which  no  idea  had  previously  existed. 

It  was  in  November,  1826,  as  we  have  already  said,  that  M- 
Amp^re  published  a  complete  exposition  of  his  mathematical 
theories  of  electro-dynamic  phenomena,  summing  up  and  com. 
pleting  in  this  work,  the  curious  researches  that  he  had  himself 
made  on  the  same  subject  since  1820,  and  to  which  M.  Savary  and 
M.  de  Montferrand  had  added  some  important  developments.  Since 
that  time  little  attention  has  been  paid  to  this  branch  of  electricity; 
whence  it  might  seem  that  nothing  remained  to  be  done.  Two 
German  philosophers,  however,  MM.  Weber  and  Neumann,  re- 
sumed it  on  account  of  induction  currents ;  the  former  essentially 
in  an  experimental  point  of  view,  the  latter  exclusively  in  its 
mathematical  relations.  I  have  already  made  allusion  to  their 
works  in  the  chapter  on  Induction^  p.  433. ;  I  will  confine  myself 
to  remarking  that  these  works  do  not  in  any  way  change  the  funda- 
mental basis  of  M.  Ampere's  theory.  The  same  is  the  case  with 
the  recent,  and  as  yet  unpublished,  remarks  of  M.  Cellerier,  which 
this  young  philosopher  communicated  to  the  Academy  of  Sciences 
of  Paris,  on  June  3d,  1850  {Comptes  Rendus  de  V  Ac.  des  Scien. 
de  Paris  of  June  3.,  1850;  and  Arch,  des  Scien.  Phys,  Biblio, 
Univ.  t.  xiv.  p.  211.)  ;  and  the  object  of  which  is  to  establish 
Ampere's  formulsB  and  laws,  setting  out  of  the  question  all  previous 
hypotheses,  even  of  the  forms  to  be  given  to  the  expression  of  the 
action  of  the  forces  in  play :  a  work  that  had  become  necessary  to 
secure  these  results  from  being  shaken  by  the  effect  of  changes 
that,  from  the  progress  of  science^  may  be  introduced  into  the 
ideas  that  are  formed  of  the  very  nature  of  electricity.  In  the 
ignorance  in  which  we  are  as  to  the  manner  in  which  electro-dy- 
namic actions  result  from  the  properties  of  electric  fluids,  or  are 
influenced  by  the  ambient  medium,  it  may  be  that  the  very  simple 
forms  assumed  for  the  action  of  two  elements  which  could  not  be 
directly  verified  by  experiment,  may  not  be  exact ;  and  that  this 
action  is  composed  of  many  distinct  forces,  and  may  not  have  a 
resultant,  directed  according  to  the  right  line  that  joins  the  two 
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elements.  In  order  to  know  exactly  its  form  and  value,  we  must 
make  it  consist  of  an  entirely  arbitrary  system  of  forces,  which 
may  even  have  no  resultant,  and  the  components  and  moments  of 
which  may  be  unknown  functions  of  quantities,  by  which  the 
relative  position  of  the  elements  is  determined.  This  is  the  course 
that  was  followed  by  M.  Cellerier,  and  by  means  of  which  he  suc- 
ceeded in  establishing,  upon  a  still  more  solid  basis,  the  admirable 
results  that  were  arrived  at  by  Ampere,  and  which  this  philosopher 
had  conceived  to  be  free  from  all  objection,  never  imagining  that 
the  principles  from  which  he  set  out,  and  which  he  had  regarded 
as  axioms  in  mechanics,  might  be  contested. 

Finally,  a  mathematician  well  known  for  his  beautiful  researches 
in  celestial  mechanics,  and  in  physical  mathematics,  M.  Plana, 
directed  his  attention  to  the  same  subject,  namely,  to  dynamic 
electricity,  after  having  treated,  in  a  remarkable  work,  the  questions 
of  static  electricity,  which  M.  Poisson's  labours  did  not  appear  to 
him  to  have  made  sufficiently  clear.  To  give  an  idea  of  the  point 
of  view  under  which  he  regarded  the  question  of  electro-dynamics, 
I  cannot  do  betteir  than  quote  what  he  wrote  to  me  on  this  subject 
at  the  end  of  December,  1847  : — "Ampere's  formula  is  an  ex- 
pression of  a  law  of  nature  -,  I  know  not  whether  it  is  primitive  or 
secondary  ;  but  it  contains  a  vast  number  of  consequences  of  the 
highest  importance,  which  cannot  be  disclosed  except  by  the  t»- 
tegral  calculus.  Towards  the  commencement  of  1847, 1  published 
at  Rome  two  pamphlets  upon  this  subject,  but  I  know  not  whether 
they  have  been  much  looked  into  by  philosophers,  because  the 
difficulties  of  the  calculus  do  not  permit  of  their  being  an  agreeable 
subject  for  reading.  The  most  simple  of  curves  is  the  circle ;  but 
this  circle,  when  traversed  by  a  voltaic  current,  becomes  capable 
of  exercising  a  force  upon  an  electric  element  of  the  same  or  of 
the  contrary  name.  Very  well!  we  must  employ  elliptic  tran- 
scendents,  in  order  to  express  the  resultants  of  the  force  that 
emanates  from  the  periphery  of  the  circle.  But  this  very  simple 
case  requires  formulae,  the  knowledge  of  which  is  not  generally 
possessed  to  the  extent  that  is  necessary.  Also,  Ampere  has  not 
given  the  true  formula  for  the  circular  current.     What  he  gave, 

namely,     ^      — ;>—  >s  erroneous;   it  should  be  replaced  by 
-g — (    -irr«~)*    For  the  solenoid  we  must  execute  int^ration, 

*  We  have  seen  that  this  error  produce  no  change  in  the  results  that  Ampere 
drew  from  his  formula. 
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by  retaining  several  terms  of  the  series,  and  then  the  ^fidr 
increases  enormously.  I  have  executed  it,  but  I  am  not  yet  sc 
ficiently  satisfied  with  it.     This  does  not  at  all  satisfy  me;  }s<«. 

ton's  simple  formala  of  -^,  cannot  be  follow^ed  into  its  conseqemt 

without  frightful  calculations.  .That  of  Ajnp^re,  in  which  tke- 
efficient  A  is  variable,  presents  difficulties  of  another  kiiiii  u- 
even  facilities,  which  sometimes  form  a  striking  contrasL  L 
poles  of  solenoids  have  no  real  existence,  but  things  pa^  on  l^'. 
they  existed.  When  we  take  account  of  the  firot  term  aJo^ : 
the  expression  of  the  force  that  emanates  from  a  solenoid,  v^ 
think  we  see  the  poles  at  the  extremity  ;  but  a  more  profooodsi 
amination  modifies  this  mode  of  viewing  it." 

M.  Plana's  own  words  will  serve  as  nay  excuse,  that  1  hare  in 
entered  more  into  details  on  the  mathematical  theory  of  the  aei^ 
of  electric  currents ;  perhaps  even  the  developments  that  I  bf 
given  may  have  appeared,  to  many  of  my  readers,  too  considsii^ 
However,  they  will  pardon  me,  if  they  vrill  remark  that ««"- 
concerned  upon  one  of  the  most  important  theories  of  phjm^^ 
I  said  at  the  commencement  of  this  note.  Moreover,  I  am  bi* 
at  having  had  an  opportunity  of  setting  forth,  although  reiyi* 
perfectly,  a  portion  of  the  labours  of  one  of  the  most  remarbl't 
philosophers  of  our  epoch ;  and  of  showing  that  time,  far  fl« 
weakening  its  value,  seems,  on  the  contrary,  to  increase  it  ^' 
may  say  that  Ampere  has  been  the  Newton  of  electricity. 
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